Cationic Antimicrobial Peptides and Their Mode of Action: A Genomics Approach for a Better Understanding by Spindler, Eileen Colie
University of Colorado, Boulder
CU Scholar
Molecular, Cellular, and Developmental Biology
Graduate Theses & Dissertations Molecular, Cellular, and Developmental Biology
Spring 1-1-2010
Cationic Antimicrobial Peptides and Their Mode
of Action: A Genomics Approach for a Better
Understanding
Eileen Colie Spindler
University of Colorado at Boulder, en.spindler@colorado.edu
Follow this and additional works at: http://scholar.colorado.edu/mcdb_gradetds
Part of the Microbiology Commons, and the Molecular Biology Commons
This Dissertation is brought to you for free and open access by Molecular, Cellular, and Developmental Biology at CU Scholar. It has been accepted for
inclusion in Molecular, Cellular, and Developmental Biology Graduate Theses & Dissertations by an authorized administrator of CU Scholar. For more
information, please contact cuscholaradmin@colorado.edu.
Recommended Citation
Spindler, Eileen Colie, "Cationic Antimicrobial Peptides and Their Mode of Action: A Genomics Approach for a Better
Understanding" (2010). Molecular, Cellular, and Developmental Biology Graduate Theses & Dissertations. Paper 6.
 
 
 
 
 
 
 
CATIONIC ANTIMICROBIAL PEPTIDES AND THEIR MODE OF ACTION:  
A GENOMICS APPROACH FOR A BETTER UNDERSTANDING 
by 
Eileen Colie Spindler 
B.A., Idaho State, 2005 
 
 
 
 
 
A thesis submitted to the 
 Faculty of the Graduate School of the  
University of Colorado in partial fulfillment 
of the requirement for the degree of 
Doctor of Philosophy 
Department of Molecular, Cellular and Developmental Biology 
2010 
 
 
 
 
 
 
This thesis entitled: 
 
CATIONIC ANTIMICROBIAL PEPTIDES AND THEIR MODE OF ACTION: A 
GENOMICS APPROACH FOR A BETTER UNDERSTANDING 
 
written by Eileen Colie Spindler  
 
has been approved for the Department of Molecular, Cellular  
and Developmental Biology 
 
 
 
       
Ryan T. Gill 
 
 
 
       
Kenneth Krauter 
 
 
15 November 2010 
 
The final copy of this thesis has been examined by the signatories, and we 
Find that both the content and the form meet acceptable presentation standards 
Of scholarly work in the above mentioned discipline. 
  
 
iii 
 
 
 
Spindler , Eileen Colie (Ph.D, Molecular Cellular and Developmental Biology)  
Cationic Antimicrobial Peptides and Their Mode of Action: A Genomics Approach for a 
Better Understanding 
Thesis directed by Professor Ryan T. Gill 
 
ABSTRACT 
Antimicrobial peptides (AMPs) produced from naturally occurring peptides have recently 
become a focus for drug design.  These synthetic derivatives are relatively small (6-12 
amino acids), potent, not easily resisted, and active against a broad-range of pathogens; 
making such compounds particularly attractive as platforms for the development of novel 
antimicrobials.  However, the mode of action of these synthetic peptides, as well as many 
naturally occurring peptides, remains largely uncharacterized.  This lack of 
understanding, and more specifically the absence of detailed knowledge of the 
complexity of AMP mode(s) of action, continues to limit our capabilities for taking full 
advantage of these compounds (Mangoni, Papo et al. 2004).   This work was designed to 
understand the mode(s) of action of the AMPs Bac8c (a synthetic AMP) and histone 
(naturally occurring AMP), and mode(s) of resistance to these compounds using high-
throughput genomic tools and classic genetic approaches.   I found that both peptides 
have different mechanism of action against Bacteria.  Bac8 is more complex and a 
specific target may not be found.  It is possible that Bac8c is a “dirty drug” and target 
multiple complexes within the cell.  Histones however, we found were mainly pore 
formers, and the main mode of resistance against them is through colanic acid 
biosynthesis.    
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CHAPTER ONE 
1 ANTIMICROBIAL PEPTIDES AND SELECTION OF RESISTANCE: AN 
INTRODUCTION 
 
Authorship: Eileen Spindler 
   Ryan Gill 
1.1 General Information about Antimicrobial Peptides  
Cationic antimicrobial peptides (AMPs) are an active component of the immune system 
and are produced by organisms in all domains of life (Hancock and Chapple 1999; Hancock and 
Diamond 2000; Brogden 2005). Cationic AMPs are defined as peptides of less than 50 amino 
acid residues with an overall positive charge due to the presence of multiple lysine and/or 
arginine residues as well as other hydrophobic residues (Powers and Hancock 2003). Some 
AMPs may have a direct effect on the microbe by affecting the integrity of the bacterial 
membrane, whereas others may be acting on targets other than the membrane.  The higher 
proportion of negatively charged lipids on the surface monolayer of the bacterial cytoplasmic 
membrane plays an important role in the selectivity of AMPs for bacterial cells.  In contrast, 
eukaryotic cells have many uncharged lipids that predominate at the cell surface.  Rather than 
just recognizing net charge, the peptides are attracted to patterns of charge, possibly in the sugars 
or amino acid chains that are present on a microbe's surface such as lipopolysaccarides in E. coli 
(Jenssen, Hamill et al. 2006).  
1.2 Antimicrobial peptide target(s), a controversial issue  
While controversial, the mechanism of action of AMPs against bacteria is believed to be 
through pore formation, membrane barrier disruption or through intracellular targets (Bierbaum 
and Sahl 1987; Boman, Agerberth et al. 1993; Park, Kim et al. 1998; Friedrich, Rozek et al. 
2001; Patrzykat, Friedrich et al. 2002; Brogden 2005; Hasper, Kramer et al. 2006; Jenssen, 
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Hamill et al. 2006; Shaw, Alattia et al. 2006; Hale and Hancock 2007).  Various ways AMPs can 
effect E.coli are described in Figure 1(Brogden 2005).  This figure shows that some AMPs can 
have more than one mode of action and it is possible AMPs in this study could be eliciting a 
combination of these mechanisms. 
 
Figure 1. Modes of Action. AMPs have been shown to target intra-cellular processes.  E. coli is 
the model organism in this figure (Brogden 2005).  
While membrane-related mechanisms (i.e pore formation, or membrane lytic) are the best 
understood, there is increasing recognition of the relevance of cytoplasmic targets of AMP action 
(Kragol, Lovas et al. 2001; Patrzykat, Friedrich et al. 2002; Mangoni, Papo et al. 2004; Hsu, 
Chen et al. 2005; Hasper, Kramer et al. 2006; Podda, Benincasa et al. 2006). As reviewed by 
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Brogden et al., other studies have implicated:  inhibition of DNA, RNA, and protein synthesis, 
specific binding to DNA, inhibition of enzymatic activity, activation of autolysin, inhibition of 
septum formation and inhibition of cell wall formation as targets of various AMPs (Brogden 
2005). More specifically, it has been reported that AMPs, such as Apidaecin, Cathelicidin 
derived peptides, and Pleurocidin target multiple cellular processes that lead to cell death 
independent of membrane disruption (Castle, Nazarian et al. 1999; Patrzykat, Friedrich et al. 
2002; Podda, Benincasa et al. 2006). It has also been shown that AMPs can have multiple targets 
of inhibition, which differ as a function of AMP concentration. Specifically, in studies on Bac7, 
Podda et al. have shown that at sub-MIC concentrations Bac7 appears to inhibit cytoplasmic 
targets while at concentrations several times the MIC it appears to work through a 
membranolytic mechanism. Another example is with the peptide, Pleurocidin, which has been 
show to kill mainly by inhibition DNA, RNA and protein synthesis (Patrzykat, Friedrich et al. 
2002). Collectively, these studies emphasize the likelihood that AMPs work through the 
inhibition of multiple targets at varying levels of potency. It has been speculated that this 
multiplicity of targets may have provided a selective advantage in AMP evolution, and may be 
responsible for the general lack of identified AMP resistance mechanisms (Hancock and Chapple 
1999; Peschel and Sahl 2006).  
1.3 Bacterial resistance  
Many studies have been conducted in attempts to understand the mechanisms of bacterial 
drug resistance since the first report of resistance to penicillin in the 1940s (Miller and Bohnhoff 
1950). Although not fully understood, bacterial drug resistance can develop through acquired 
(mutation, or mobile elements) and intrinsic (stress response) mechanisms. Acquired 
mechanisms involve the acquisition of mobile DNA elements (plasmids, transposons, insertion 
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sequences, or cassettes) and can lead to resistance to specific antibiotics (Levy and Marshall 
2004). An ideal example of this is that since the discovery of penicillinase in Staphylococci in 
the 1940s, more than 190 β-lactamases (enzymes that degrade the β-lactam ring of the penicillin 
molecule) have been discovered in different bacterial species. In addition to degradation of 
antibiotics,  bacteria can also modify the drug target(s) or bypass a critical pathway through 
mutation(s) (Levy and Marshall 2004; Levy 2005).  
Compared to acquired mechanisms, which lead to resistance to specific antibiotics, 
intrinsic mechanisms are based on general stress response and result in resistance to multiple 
antibiotics (Fajardo, Martinez-Martin et al. 2008). An example of an intrinsic mechanism is 
efflux pumps.  A number of efflux pump membrane proteins domains have been discovered and 
can be categorized in five families based on their structural similarity which include: the major 
facilitator superfamily (MFS), small multidrug regulator (SMR) family, resistance nodulation 
cell division (RND) family, ATP binding cassette (ABC) family, and multidrug and toxic 
compound extrusion (MATE) family (Webber and Piddock 2003).   
Two additional common intrinsic resistance mechanisms are through persistence, and 
biofilm formation.  Biofilms are sessile microbial communities that excrete a polysacchirde 
matrix and form on solid surfaces.  They are involved in 65% of human infections (Potera 1996) 
and it has been shown that bacteria in biofilms can be a ~1000 times more resistant to antibiotics.  
Additionally, bacterial cells within a biofilm, demonstrate varied gene expression, including a 
persistence phenotype  (Costerton, Stewart et al. 1999).  Persistance, (i.e. persistor cells) are 
phenotypic variants of the wild planktonic cultures as well as biofilms (Balaban, Merrin et al. 
2004; Kussell, Kishony et al. 2005).  Recently, it has been shown that a persistence phenotype is 
consistently made up of dormant cells and this phenotype is not inheritable, making this an 
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intrinsic resistance mechanism (Balaban, Merrin et al. 2004).  The nonsusceptibility to 
antibiotics is phenotypic and distinct from stable genetic resistance. The persister bacteria are 
due to preexisting metabolically quiescent bacteria.  The persister phenomenon is presumably a 
protective strategy bacteria deployed to survive under adverse conditions, such as starvation, 
stress, and antibiotic exposure. The persister bacteria present in biofilms (Balaban, Merrin et al. 
2004; Kussell, Kishony et al. 2005) and also during the natural infection process in the host with 
or without antibiotic treatment pose a challenge for effective control of a diverse range of 
bacterial infections (Costerton, Stewart et al. 1999).  The genetic basis of persistence and biofilm 
resistance to antibiotics is still poorly understood.   
1.4 High-throughput identification of genotypes that lead to specific phenotypes  
Genomics and genomic technologies have begun to provide a variety of new approaches 
for understanding antimicrobial resistance and discovery of new antimicrobial targets.  Several 
methods have been designed in the recent years in order to determine: the modes of action of 
particular antibiotics discover additional antibiotic targets, understand resistance and 
evolutionary mechanisms.  These methods include but are not limited to: overexpression libraries 
(Kitagawa, Ara et al. 2005; Niba, Naka et al. 2007), knockout libraries (Hansen, Lewis et al. 
2008), and random mutagenesis (Cadwell and Joyce 1992).  These approaches have become 
even more successful with the use of high-throughput microarray data.  For example, Herring et 
al, developed a method of identifying large scale genomic rearrangements, called comparative 
genome sequencing.  This approach used array technology to identify regions of genomic 
difference by a comparative hybridization of test DNA vs. reference DNA on a whole-genome 
tiling array. Additionally, only the identified regions of genomic difference were sequenced 
(Sanger) to produce a set of fully characterized single nucleotide polymorphisms (SNPs). They 
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used this method to identify mutants that evolved over time for increase growth on glycerol.   
They found that every clone exhibited a mutation (SNP) in only one gene, glycerol kinase.  More 
interestingly however was that each clone had developed this mutation through a completely 
different evolution process.  Although this example is not specific to antibiotic resistance, this 
approach was seminal in describing how alternative genotypes including those involved in cell 
motility, acid resistance, growth phase, protein processing, and ribosomal structure had been 
important to the evolution of the population.  This approach was key for many researchers that 
study resistance to understand the complex phenotypes that make up a population, and outlined 
the necessity for high-throughput genomic selections to identify complex phenotypes.   From 
here many researchers have begun to expand high-throughput genomics to include informed 
selections for phenotypes of interest, such as antibacterial resistance.  
1.5 General Approach  
Laboratory selection experiments are based on enrichment for the fittest members in a 
population, and dilution of less fit members (Warnecke, Lynch et al. 2008).  Although there are 
many genomic approaches for tracking changes in the population (Miller and Bohnhoff 1950; 
Cadwell and Joyce 1992; Badarinarayana, Estep et al. 2001; Gill, Wildt et al. 2002; Miesel, 
Greene et al. 2003; Utaida, Dunman et al. 2003; Bresolin, Neuhaus et al. 2006; Fischer and 
Freiberg 2007; Niba, Naka et al. 2007; Muthaiyan, Silverman et al. 2008; Brynildsen and Liao 
2009), the difficulty lies in designing a selection in which the phenotype of interest is selected 
for.  For example multiple phenotypes can lead to resistance to antibiotics such as: persistence, 
biofilm formation, overexpression or modification of target, export of inhibitor, etc (Andersson 
2003).  SCalar Analysis of Library Enrichment (SCALEs) (Lynch, Warnecke et al. 2007) is 
another method to track a library population (<10
6 
clones).  This method uses high-throughput 
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genomics, coupled with an informed selection design in order to identify phenotypes of interest.  
SCALEs has been used previously to identify clones related to increased growth, 3-
hydroxypropionic acid tolerance and anti-metabolite tolerance (Warnecke, Lynch et al. ; Lynch, 
Warnecke et al. 2007; Bonomo, Lynch et al. 2008; Warnecke, Lynch et al. 2008).  
The approach, SCALEs (Scalar analysis of library enrichment), can be used to show how 
increased copy number of a gene/operon(s) increases fitness (Figure 2). This methodology 
includes: (a) Genomic DNA fragmented to several specific sizes (1kb, 2kb, 4kb, 8kb) is ligated 
into vectors creating four libraries. (b) These libraries are individually transformed into the cell 
line, Mach-1-T1
®, (recombination deficient) to be used for selections (see “Selections” section). 
(c) The pools of transformants are mixed and subjected to AMP resistance selection. Only clones 
bearing a plasmid with an insert that increases fitness will survive. (d) Enriched plasmids are 
purified from the selected population, prepared for hybridization and applied to a microarray. (e) 
After analyzing the microarray signal, the processed signal is treated as a function of sequence 
position. (f) A nonlinear multiscale decomposition gives the signal not only as a function of 
position but also as a function of scale or library size (Figure 2).  This data is then classified by 
variable methods (i.e. enzyme classification, pathway analysis or COGs) that are associated with 
resistance, as well as possible AMP targets [19].  I used these tools in chapters two and three 
with the synthetic peptide Bac8c, and the natural peptide histone.  
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Figure 2. Overview of SCALEs. (a) Genomic DNA fragmented to several specific sizes is 
ligated into vectors creating several libraries with defined insert sizes. (b) These libraries are 
individually transformed into the E. coli and used for selections. (c) The pools of transformants 
are mixed and subjected to selection. Only clones bearing plasmids with insert increasing fitness 
survive.(d) Enriched plasmids are purified from the selected population, prepared for 
hybridization and applied to a microarray. (e) After analyzing the microarray signal, the 
processed signal is treated as a function of sequence position.(f) A nonlinear multiscale 
decomposition gives the signal not only as a function of position but also as a function of scale or 
library size. (Lynch, Warnecke et al. 2007) 
1.6 Development of synthetic peptides 
The major purpose of modifying natural cationic AMPs is to increase their antimicrobial 
effects and decrease their toxicities to the host (Patrzykat, Friedrich et al. 2002). In addition, a 
lower dose of the drug is beneficial in lowering toxicity to the host and can decrease the cost of 
the antibiotic. One such peptide currently involved in drug development is bactenecin.  
The cationic peptide bactenecin (bovine dodecapeptide) is one of the smallest natural 
occurring AMPs. (Romeo, Skerlavaj et al. 1988; Wu and Hancock 1999; Wu and Hancock 
1999). Bactenecin is a cyclic, twelve residue peptide. It includes four arginine residues, two 
cysteine residues, and six hydrophobic residues. Bac2A, a linear variant of bactenecin, was 
constructed to facilitate manipulation of the peptide as concatamers easily form in synthesis of 
cyclic peptides. Bac2A showed similar activity in terms of the minimium inhibitory 
concentration (MIC). The MIC is defined as the lowest concentration of antimicrobial agent 
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which inhibits the growth of the microorganism.  Bac2A did however show improved activity 
against Gram-positive bacteria (Wu and Hancock 1999).  Its small size, linearity and activity 
against bacteria made Bac2A a focus for the Hancock lab to begin development and synthesis of 
new classes of antimicrobial peptide drugs (Hilpert, Volkmer-Engert et al. 2005).  
Recent efforts have begun to apply powerful protein evolution and engineering 
approaches to the development of novel AMPs (Hilpert, Volkmer-Engert et al. 2005; Hilpert, 
Elliott et al. 2006; Hilpert, Fjell et al. 2008).   These approaches work through the integration of 
strategies for designing peptide libraries, high-throughput methods for peptide synthesis, and 
screens for antimicrobial activity (Hilpert, Volkmer-Engert et al. 2005).  The Hancock laboratory 
has described the use of such approaches to not only develop a range of improved AMPs but also 
to improve understanding of AMP structure-activity relationships.  In the research of Hilpert et 
al. (2005), this approach was applied to identify several derivatives of Bac2A 
(RLARIVVIRVAR-NH2), itself a linearized derivative of the naturally occurring cyclic AMP 
bactenecin (Romeo, Skerlavaj et al. 1988; Wu and Hancock 1999; Friedrich, Moyles et al. 2000), 
with improved antimicrobial characteristics (smaller yet more potent) (Hilpert, Volkmer-Engert 
et al. 2005; Hilpert, Elliott et al. 2006).   In order to further develop our AMP design capabilities, 
I initiated studies to improve understanding of the mechanism of action of one of these candidate 
AMPs; the 8 amino-acid AMP, designated Bac8c (RIWVIWRR-NH2) (Wu and Hancock 1999).  
1.6.1 Bac8c, a synthetic derivative 
Development of defined (synthetic) AMPs is important for understanding the limitations 
of their efficacy, and their mode of action. Limitation to efficacy is a problem as many peptides 
can be inhibited by divalent cations or be degraded by proteases. In addition, as with most 
antibiotics, the possibility of resistance to them is a direct concern. To develop better drugs, it is 
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important to understand what qualities of AMPs, such as size, structure and/or charge that are 
needed for them to interact with specific targets.  Knowing these characteristics may allow for 
the use of combinations of peptides that have different targets, leading to a decreased chance of 
developing resistance.  Additionally these characteristics may dictate how the drug can be 
administered.  
Bac8c is predicted to have an alpha helix structure, although this structure is not stable in 
peptides below . More importantly, preliminary data from the Hancock lab had shown that it did 
not destabilize the cytoplasmic membrane in the same manner as other AMPs studied previously 
(Hale, unpublished results).  This led us to look in detail into the manner in which AMPs target 
cells.  I discuss the mode of action of this synthetic derivative in chapter two, and phenotypes 
that aid in resistance to this peptide in chapters three and four.  
1.7 Naturally occurring peptides  
A renewed interest in histone as an AMP was spurred after the identification of histone as 
an active bactericidal agent in neutrophils extracellular traps (NETs). Polymorphonuclear 
leukocytes (neutrophils) are important players in the first line of defense against invading 
microbial pathogens (Fuchs, Abed et al. 2007). In 2007, neutrophils were shown to form 
neutrophil extracelluar traps (NETs) (Brinkmann and Zychlinsky 2007).  These nets bind, 
disarm, and kill pathogens extracellularly.  Additionally, DNA is a major structural component 
of NETs (Brinkmann and Zychlinsky 2007; Fuchs, Abed et al. 2007; Urban and Zychlinsky 
2007; Wartha, Beiter et al. 2007).  The NETs are made up largely by histones (H1, H2A H2B, 
H3, and H4).  The antimicrobial activity of histone is well established and was first described by 
James Hirsch in 1958. He showed in the mid-1950s that these DNA-binding proteins are among 
the most effective antimicrobial agents (Hirsch 1958). Later, several investigators identified 
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histones and histone fragments from diverse sources as having antimicrobial activity (Park, Yi et 
al. 2000; Papagianni 2003). At that time (of Hirsch), the biological significance of this 
observation was unclear, as it was not understood when or where histones would encounter 
microorganisms.  However, now 60 years later, NETs can explain this phenomenon, yet the 
specific contribution of the granular antimicrobial peptides or histones to microbial killing is not 
well understood. Additionally, many microbial pathogens have evolved to evade the innate 
immune system.  They are able to do so by turning on/off survival and stress responses, avoiding 
contact, preventing phagocytosis and evading killing by neutrophil extracellular traps (NETs) 
(Wartha, Beiter et al. 2007). I was interested in understanding the mechanisms behind how 
microbes can evolve to evade killing by NETs, in particular, killing by histones. We have taken a 
genome-wide, multiscale approach to simultaneously measure the effect that the increased copy 
of each gene and/or operon has on the desired trait or phenotype. We have used an E. coli K12 
genome library to elucidate this mechanism. Chapter five discusses the use of a high-throughput 
genomics approach to understanding the mode of action of histone killing, and which bacterial 
phenotypes aid in resistance to histone and AMP killing in general. 
1.8 Summary of Findings 
Our studies were directed at informing mode of action of these peptides both for the 
purpose of developing a new understanding as well as aiding in the development of improved 
high-throughput screening approaches.  That is, we expected that the identification of specific 
targets of inhibition would enable the screening of candidate libraries using assays specific to 
such targets.  We used SCALEs to analyze the mode of action and resistance of two types of 
peptides: the synthetic derivative, Bac8c, as well as the naturally occurring peptide, histone.  
12 
 
These results for the Bac8c project will be discussed in chapters two, three and four. The 
results and future work for the histone project will be discussed in chapter five.  
Many of the results discussed in this thesis have been, or will be presented in the following 
publications: 
 
Spindler, E.C, Hale J.R. , Hancock, R.E.W. Gill. R.T.G, “Dechipering the Mode of Action of the 
Antimicrobial Peptide Bac8c”. Antimicrobial Agents and Chemotherapy. Accepted, 
minor revisions, November 2010.  
Spindler, E. C. Hancock, R.E.W. Gill R.T.G “Energy dependent resistance to the synthetic AMP 
Bac8c”. J. Bac. To be submitted December 2010 
Chaput, Catherine. Spindler Eileen. C. Gill, Ryan.T. Zylinchisky, Arturo.  “Colanic Acid 
Mediated resistance to NETs”. TBA. January 2011.  
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2.1 Introduction 
 Cationic antimicrobial peptides (AMPs; also termed host defense peptides for their 
selective immunomodulatory properties) are an integral component of the immune system and 
are produced by organisms in all domains of life (Hancock and Chapple 1999; Brogden 2005). 
Natural AMPs are generally 12-50 amino acids in length, contain excess positively charged 
amino acids (lysine and arginine residues) and around 50% hydrophobic amino acids, and fold 
into a diversity of amphiphilic structures upon contact with microbial membranes.  AMPs have 
recently become a focus for drug design due to high-throughput studies that generate multiple 
synthetic peptides active against a broad spectrum of pathogens (Hilpert, Volkmer-Engert et al. 
2005).  The aim from these studies was to create small peptides (6-20 amino acids in length) that 
are highly potent, demonstrate no to low resistance, and are active against a broad-range of 
bacterial and fungal pathogens; making such compounds particularly attractive as platforms for 
the development of novel antimicrobials.  However, while much progress has been made in 
creating new peptides, the mode of action of these small synthetic peptides, as well as many 
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naturally occurring peptides, remains poorly understood. Indeed it has been suggested that the 
mechanisms of action of AMPs involve either direct interaction with the cytoplasmic membrane 
or translocation into the cytoplasm to access non-membrane targets; however more likely these 
peptides have complex mechanisms of action involving a multiplicity of targets (Peschel and 
Sahl 2006). Indeed a broad variety of studies have implicated inhibition of DNA, RNA, and 
protein synthesis, inhibition or specific binding to DNA, inhibition of enzymatic activity, 
activation of autolysins, inhibition of septum formation and inhibition of cell wall formation as 
targets of various AMPs (Brogden 2005; Hale and Hancock 2007).  The lack of detailed 
knowledge of the complexity of AMP mode(s) of action continues to limit our understanding of 
structure activity relationships and thus ability to take full advantage of these compounds 
(Mangoni, Papo et al. 2004).   
Recent studies have applied protein evolution and engineering approaches to the 
development of novel AMPs (Hilpert, Volkmer-Engert et al. 2005; Hilpert, Elliott et al. 2006; 
Hilpert, Fjell et al. 2008). These approaches work through the integration of multiple strategies 
for designing peptide libraries such as QSAR-based machine learning, high-throughput methods, 
inexpensive peptide array syntheses, and rapid screens for antimicrobial activity (Hilpert, 
Volkmer-Engert et al. 2005). We have described the use of such approaches to not only develop 
many AMPs with increased activity but also to improve our understanding of AMP structure-
activity relationships at the level of the whole organism (Hilpert, Volkmer-Engert et al. 2005). 
Bac8c (RIWVIWRR-NH2) is an 8 amino acid peptide derived from Bac2A (RLARIVVIRVAR-
NH2) by making 4 favorable substitutions as determined by a complete substitution analysis of 
Bac2A (Hilpert, Volkmer-Engert et al. 2005). It is even smaller than bactenecin (also known as 
bovine dodecapeptide), the smallest known broad spectrum natural antimicrobial peptide, but has 
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enhanced activity against a range of pathogenic Gram-positive and Gram-negative bacteria, as 
well as yeast (Wu and Hancock 1999). The parent molecule Bac2A, is known to cause moderate 
membrane permeation and depolarization, while TEM images of Gram-positive cells challenged 
by Bac2A showed a variety of effects including defects at the septum, cell wall fraying, 
mesosome formation and nuclear condensation at the high concentrations tested, 10X-MIC 
(Friedrich, Moyles et al. 2000). These results led to the conclusion that Bac2A could kill by 
plural effects, in a manner not dependent on membrane disruption as the first step in cell death. 
The current study was directed at understanding the complexity of mechanism of action of the 
improved derivative Bac8c. In initial studies, we found that Bac8c demonstrated rapid and 
dramatic onset of killing of E. coli over a relatively narrow concentration range.  We used this 
property to investigate its mechanism of action by performing a series of experiments at 
concentrations leading to complete killing (6 µg/ml) or 50% growth inhibition with no killing (3 
µg/ml). Our results were consistent with a multi-stage model for Bac8c.  At sub-lethal 
concentrations (3 µg/ml), Bac8c addition resulted in transient membrane destabilization and 
metabolic imbalances, which appeared to be linked to inhibition of respiratory function. In 
contrast, at the MBC (6 µg/ml) Bac8c depolarized the cytoplasmic membrane within 5 min, and 
disrupted electron transport, increased membrane permeability, and caused >99% cell death 
within 150 min.  
2.2 MATERIALS AND METHODS 
2.2.1 Bacteria, plasmids, and materials 
E. coli strain Mach1-T1
R
 (Invitrogen, Carlsbad, CA.) wild-type W strain (ATCC #9637, S. A. 
Waksman)  Mach1-T1
R 
F
- 
φ80(lacZ)ΔM15 ΔlacX74 hsdR(r
K
-
m
K
+
) ΔrecA1398 endA1 tonA 
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containing pSMART-LCKAN empty vector were used for all control studies.  Overnight cultures 
were grown in Luria Bertani (LB) medium.  Growth curves were carried out in 3-(N-
morpholino)propanesulfonic acid (MOPS) Minimal Medium (Neidhardt 1974).  For all 
experiments that required antibiotic to maintain the vector, kanamycin (KAN) was used at 30 
µg/ml.  Bac8c was synthesized by N-(9-fluorenyl)methoxy carbonyl chemistry from GenScript 
Corporation (Piscataway, NJ).  TO-PRO-3, (3,3'-diethyloxacarbocyanine iodide) carbocyanine 
dye (DiSCO2(3)), 3´'-(p-hydroxyphenyl) fluorescein (HPF) and carbonyl cyanide m-
chlorophenylhydrazone (CCCP) were purchased from Invitrogen. ATP was measured with the 
BacTiter-Glo
TM
 Microbial Cell Viabilty Assay Kit (Promega). 
E. coli strain CGSC 4908 (his-67 thyA43 pyr-37), auxotrophic for thymidine, uridine, and L-
histidine (5), was kindly supplied by the E. coli Genetic Stock Centre (Yale University, New 
Haven, Conn.). The tritiated precursors [methyl-H
3
]thymidine (25.0 Ci/mmol), [5-H
3
]uridine 
(26.0 Ci/mmol), and L-[2,5-H
3
]histidine (46.0 Ci/mmol) were purchased from Fisher Scientific.  
NAD
+
 and NADH standards, yeast alcohol dehydrogenase, phenazine sulfate (PES), and 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, (MTT) were purchased from Fisher 
Scientific.  
2.2.2 Specific Growth and Killing assays 
For growth rate determination, each clone was inoculated from an -80ºC stock, cultured in 5 ml 
LB with KAN and incubated overnight in a 15 ml conical tube at 37ºC with shaking. Each 
overnight culture was diluted MOPS minimal media (KAN and 0.1% glucose) to an OD600 0.4 
before inoculating conical tubes with 1-10% v/v inoculum (starting OD600 0.1). 15 ml conical 
tubes were incubated at 37
o
C with shaking and absorbance was monitored routinely. Triplicate 
blank vector control flasks were run in parallel for all growth experiments. Specific growth rate 
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was calculated by determining the optimal fit of linear trend lines by analyzing the R
2
-value. 
Amino acid supplements, or NAD
+
 precursors, were added at a concentration of (0.04% w/v).  
Bac8c was added at the IC50 or the MBC of the control without supplementation.  
2.2.3 Minimum Inhibitory Concentrations 
 The Minimum Inhibitory Concentration (MIC) was determined aerobically in a 96 well-plate 
format as previously described (Wiegand, Hilpert et al. 2008).  Overnight cultures of strains were 
grown aerobically shaking at 37C in 5 ml LB (with antibiotic when required for plasmid 
maintenance).  A 1% (v/v) inoculum was introduced into a 15 ml culture of MOPS minimal 
media.  All samples reached mid-exponential phase, the culture was diluted to an OD600 of 0.5.  
The cells were diluted 1:1000 and a 90 µl aliquot was used to inoculate each well of a 96 well 
plate (~10
5
 final CFU/ml).  The plate was arranged to measure the growth of variable strains or 
growth conditions in increasing Bac8c concentrations, 0 to 60 µg/ml, in 2-fold increments 
(Hilpert, Volkmer-Engert et al. 2005). MIC was determined as the lowest concentration at which 
no visible growth was observed after incubation at 37ºC for 18 hr. 
2.2.4 Determination of lytic properties of Bac8c   
Turbidity was evaluated with Mach1-T1
R
, BW25113 and BW25113recA:KAN cultures grown to 
early exponential phase (OD600  0.2) in MOPS minimal media, 2 ml were aliquoted into 15-ml 
conical tubes, Bac8c was added to the desired final concentration (µg/ml), and the samples were 
incubated in a shaking 37 ºC incubator. At each time point, the OD600 was measured every hour 
for 8 hours and again after 24 hrs after addition of Bac8c. The positive control for cellular lysis 
was the addition of 100 µl sodium hypochlorite.  
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2.2.5 Cytoplasmic Membrane Depolarization using DiOC2(3),  assay and FACs 
 The BacLight bacterial membrane potential kit (Invitrogen) provides a fluorescent membrane-
potential indicator dye, DiOC2(3), along with CCCP, and premixed buffer. At low 
concentrations, DiOC2(3) exhibits green fluorescence in all bacterial cells, however as becomes 
more concentrated in healthy cells that are maintaining a membrane potential,  it causes the dye 
to self-associate and the fluorescence emission to shift to red. The red- and green-fluorescent 
bacterial populations are easily distinguished using a flow cytometer. CCCP is included in the kit 
for use as a control because it eradicates the proton gradient, eliminating bacterial membrane 
potential (David, Nancy et al. 1999). In Gram-negative bacteria, such as E. coli, a DiOC2(3) 
response is observed in the presence of a membrane potential but the response does not appear to 
be proportional to proton gradient intensity. 
2.2.6 Determination of membrane permeability 
 Membrane permeability was determined with 100 nM TO-PRO-3 coincident with the use of the 
dye DiOC2(3) to measure membrane potential. TO-PRO-3 exhibits substantially increased 
fluorescence on binding to intracellular nucleic acids; it normally bears two positive charges and 
is excluded from cells with intact membranes, but can stain nucleic acids in cells with damaged 
membranes (David, Nancy et al. 1999). Cells killed by polymyxin B or Bac2A were used as 
positive controls for TO-PRO-3, carbonyl cyanide m-chlorophenylhydrazone (CCCP) was used 
as a negative control.  
2.2.7 Determination of Structural Interference by Bac8c   
The method for negative stained ultra-thin sections was adapted from Marcellini et al. 
(Marcellini, Giammatteo et al.).   Cells were grown as for the growth kinetic experiments  (OD600 
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0.1) in MOPS minimal media. 15 ml cultures were challenged with varying concentrations of 
Bac8c for 30 min before being centrifuged (5min at 5,000 xg), the supernatant was removed, and 
the pellets washed twice with sodium phosphate buffer.  The cells were fixed in 2.5% 
glutaraldehyde in 100mM sodium cacodylate buffer, pH 7.4 (CB) for 2 h at 4ºC, washed 3 x 
10min in CB and post-fixed in 1% osmium tetroxide in CB at 4C for 1h.    Samples were 
dehydrated through ascending ethanol series, followed by propylene oxide, and finally embedded 
in Epon-Araldite epoxy resin. Thin sections (60-70 nm) were obtained with a Leica UC6 
ultramicrotome and post-stained with 2% uranyl acetate and lead citrate.  The sections were 
analyzed in a Philips CM10 TEM (FEI Inc., Hillsboro, OR) and imaged using a Gatan Bioscan 
digital camera. 
2.2.8 Effects of CCCP on Bac8C activity   
Killing kinetics assays were performed in the absence or presence of the metabolic uncouplers 
2,4-dinitrophenol (DNP) and carbonyl cyanide m-chlorophenylhydrazone (CCCP) to determine 
if energization of the cytoplasmic membrane was required for activity. Cultures were pre-treated 
for 10min with 5mM DNP or 50mM CCCP then incubated with 6µg/ml Bac8c in MOPS 
minimal media for 60 min. At 60 min, cells were plated and CFU/ml were quantified (Podda, 
Benincasa et al. 2006).  
2.2.9 Effects of Ionic Strength, Osmolarity, and pH on BAC8C activity 
 Killing kinetics assays were performed similar to those done with CCCP.  MOPS minimal 
media was supplemented with: 0, 0.3M NaCl, and 0.5M NaCl.  To test the effects of pH, MOPS 
minimal media was adjusted to pH 5.5 with 5M HCL.  
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2.2.10 Microbial Cell Viability as determined by ATP inhibition 
The BacTiter-Glo
TM
 Microbial Cell Viabilty Assay Kit (Promega) was used to measure what 
effects Bac8c had on the metabolic activity of E.coli cells and to quantify the amount of residual 
ATP. The luminescent signal generated correlates with the number of metabolically active 
(viable) cells present.  The protocol was followed in the manual for ATP quantification.  
2.2.11 Microbial Cell Viability as determined by 2,2 dipyridyl and thiourea assays 
This method was adapted from Kohanski et. al (Kohanski, Dwyer et al. 2007).  Standard killing 
kinetic assays were preformed (as above) where the OD600 and CFU/ml were monitored every 
hour for 2 h after addition of Bac8c. For the iron chelator experiments, 2,2’-dipyridyl (Sigma) 
was added at a concentration of 500μM. For hydroxyl radical quenching, thiourea (Fluka, St. 
Louis, MO) was added to the culture to achieve a final concentration of 150mM in solution.  
Both were added to the culture at the same time as Bac8c. The respective concentrations of 
chelator and quencher used here were determined by Kohanski et al. to minimize growth 
inhibition (Kohanski, Dwyer et al. 2007).  
2.2.12 Determination of NAD+/NADH 
Dinucleotide extraction and the NAD
+ 
cycling assay were performed as previously described by 
Leonardo et al. (Leonardo, Dailly et al. 1996).  Briefly, after exposure to Bac8c, cells were spun 
down at 5,000xg for 2 min, supernatant removed and the cells immediately frozen in a dry 
ice/ETOH bath.  NAD
+
 or NADH assay buffer  (acid or base extraction respectively) was added 
to each cell sample, 3 freeze-thaws cycles were performed, and all other following procedures 
were followed through as described previously (Leonardo, Dailly et al. 1996; Kohanski, Dwyer 
et al. 2007).  
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2.2.13 Determination of inhibition of macromolecular synthesis 
This assay was adapted from that of Patrzykat et al (Patrzykat, Friedrich et al. 2002).  Overnight 
cultures of E. coli CGSC 4908 were diluted in synthetic media and allowed to grow to the 
exponential phase (OD600 0.3). The cultures were spun down and resuspended in warm MOPS 
medium, and 500-µl aliquots were incubated with 15 µl of either [H
3
]thymidine, [H
3
]uridine, or 
L-[H
3
]histidine and an excess of the remaining two non-labeled supplements. After 5 min of 
incubation at 37ºC, Bac8c was added at the specified concentrations and samples of 50 µl were 
removed at the following times: 0, 5, 10, 20, 40, and 60 min and then immediately added to 5 ml 
of ice-cold 10% trichloroacetic acid (Fisher Sci) After 40 min on ice and 15 min at 37ºCthe 
samples will be collected over vacuum on Whatman 25 mm GF/C glass microfiber filters (Fisher 
Scientific, Fair Lawn, N.J) and washed twice with 10 ml of ice-cold 10% trichloroacetic acid. 
The filters were dried and placed in 5-ml scintillation vials with ReadySafe liquid scintillation 
cocktail (Beckman, Fullerton, Calif.), and counts obtained in a Beckman scintillation counter for 
5 min for each filter. 
2.2.14 Interaction of Bac8c with RNA polymerase 
The Kool ™ NC-45 ™ RNAP Activity & Inhibitor Screening Kit (Epicentre) was used to 
determine if Bac8c inhibits RNA polymerase activity. RNAP activity was measured based on 
Real-Time detection of RNA synthesis using SYBR Green I. Rifampicin was used as a positive 
control at 0.25mM and 0.025mM concentrations.  The experiment was carried out as described 
in the protocol provided in the kit.   
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2.2.15 Methylglyoxal formation detection 
The presence of MG in cell-free extracts was assayed enzymatically with Glyoxalase I (Sigma) 
by a modified method described by Zhu et al (Zhu, Skraly et al. 2001).  In this assay MG was 
quantitatively converted to S-D-lactoyl-glutathionine (Sigma) by glyoxalase I in the presence of 
reduced glutathione. The increase in S-D lactoyl-glutathione concentration was measured by the 
change of absorbance at 240nm. The reaction mixture (1 ml) contained 100mM K2HPO4-
KH2PO4 buffer, 2.5mM reduced glutathione, 1.4kU/l glyoxalase I, and 100 µl of samples 
containing MG. Extracellular MG was measured in 100 µl of the supernatant of the broth from 
which the cells were removed by centrifugation as above. The cell pellet was resuspended in 200 
µl phosphate buffer and the intracellular MG concentration was measured.  The cells were lysed 
by 3 cycles of freeze-thaw, with thawing of samples on ice, and the supernatant was filtered with 
a 10,000 M.W. cutoff filter (Millipore) before 100 µl of sample was used for the assay.   
2.2.16 Hydroxyl Radical formation detection using Flow Cytometry 
To detect hydroxyl radical formation following the exposure to Bac8C, the fluorescent reporter 
dye 3’-(p-hydroxyl-phenyl) fluorescein (HPF, Invitrogen) was used at a concentration of 5µM.   
Hydroxyphenol fluorescein (HPF) is a dye that is oxidized in the presence of hydroxyl radicals. 
In all experiments, cells were grown as described above.  This assay has been used previously to 
measure hydroxyl radical formation caused by other bactericidal antibiotics that inhibit 
macromolecular synthesis or cell wall formation (Kohanski, Dwyer et al. 2007; Kohanski, 
Dwyer et al. 2008).  
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2.3 RESULTS 
2.3.1 Kinetics of Bac8c mediated inhibition and killing 
Bac8c is a synthetic AMP that was selected for this study on the basis of improved microbial 
killing compared to its parent peptide. Initial studies were directed at confirming its potency 
(MIC, MBC, and dynamics of Bac8c killing) towards the specific E. coli strains to be used. The 
MBC (bactericidal concentrations) was found to be 6 µg/ml, non-inhibitory concentrations were 
<2 µg/ml, while growth inhibitory (sub-lethal) concentrations were ~3 µg/ml. Time kill studies 
demonstrated that Bac8c killing was rapid, with >99% lethality within 15 or 150 min at 12 or 6 
µg/ml, respectively (Figure 3a,b). Based on these data, studies were designed to identify the 
mechanisms of Bac8c inhibition and killing of E. coli. Our strategy was to perform mechanistic 
studies over a range of Bac8c concentrations that corresponded to killing, inhibitory, and non-
inhibitory regimes, with a specific focus on attempting to delineate the relevance of cytoplasmic 
and/or membrane targets in growth inhibition versus killing. 
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Figure 3. Effects of Bac8c on growth and survival of E.coli cells. A) The effects of Bac8c on 
the specific growth rate of E.coli (Mach-1 T1, Invitrogen). Bac8c was added to exponentially 
growing cultures  at T=0, (OD600 0.1) and the growth rate was determined at intervals of (15-30) 
min for 4 h after Bac8c addition. B) The effects of Bac8c exposure on the survival of 
exponentially growing E.coli cells (OD600 0.1). 
2.3.2 Membrane Depolarization and Integrity 
The parent peptide Bac2A is able to interact with the cytoplasmic membrane, and cause 
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moderate depolarization, in contrast to the complete depolarization evidenced by pore-forming 
peptides (Friedrich, Moyles et al. 2000). Therefore the membrane effects resulting from sub-
lethal/inhibitory and bactericidal exposures to Bac8c were studied by measuring the uptake of a 
membrane impermeable dye (TO-PRO-3). TO-PRO-3 is a laser excited DNA stain that has been 
proposed to be impermeable to the cytoplasmic membrane of viable bacteria due to a net +2 
positive charge (Shapiro 2008). It is of note that TO-PRO-3 can reveal permeability even when 
there is not a change in membrane potential and can show partial effects up to 50% for 
bacteriostatic drugs (e.g. tetracycline 50% but none with chloramphenicol) (Novo, Perlmutter et 
al. 2000); thus we consider it a test of cytoplasmic membrane permeabilization to this probe 
rather than an indicator of viability or lysis. Using TO-PRO-3, we found that at sub-lethal growth 
concentrations of Bac8c, E. coli remained dye impermeable (Figure 4 a). This is consistent with 
the observation that no significant cell death occurred (Figure 4 b). In contrast, at bactericidal 
concentrations, the membrane became partially permeable to TO-PRO-3 after 30 min, which was 
consistent with the onset of cell death (Figure 4 c).  
In parallel, we performed studies using the probe DiOC2(3) (Figure 4 b,d) to assess the 
effects of Bac8c on cytoplasmic membrane polarization. DiOC2(3) works by shifting from a 
green to red fluorescence when accumulating in cells with an intact electrical potential gradient 
(Shapiro 2008), while a shift from red to green indicates membrane depolarization. We found 
that Bac8c at the inhibitory concentration caused partial membrane depolarization within 5 min, 
followed by an apparent shift back towards untreated profiles at 10 min. In contrast, at the MBC, 
E. coli was rapidly depolarized and was unable to re-establish membrane polarization after 30 
min. These dynamics correlated in part with the cell survival dynamics (Figure 3 a), where 
growth restarted 90-120 min after inhibitory Bac8c exposure while at the MBC cell killing 
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followed rapidly upon Bac8c addition. 
Based on these observations, we suspected that the Bac8c mode of E. coli killing 
involved disruption of cytoplasmic membrane function, either through direct interaction with the 
cytoplasmic membrane or through targets in the cytoplasm whose inhibition could result in 
depolarization, and in turn decreased membrane stability.  Thus, we next sought to characterize 
the effects of Bac8c on membrane stability.   
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Figure 4. Membrane permeabilization and depolarization. (A,C) We examined the role of 
membrane permeability by the membrane impermeable dye, TO-PRO-3. A) Bac8c at the 
inhibitory concentration (3µg/ml) did not cause an increase in membrane permeability over time. 
C) After 15 min, Bac8c at the MBC caused a log fold increase in membrane permeability in 
approximately 14.5% of the population while after 60 min 65% of the population was 
permeabilized. In parallel, membrane depolarization over time was examined in E.coli with the 
dye DiSCO(3)2 (B,D). B) At Bac8c IC50, membrane depolarization occurred within 5 min, and 
the population recovered from the insult within 90 min. D) Membrane depolarization occurred 
within 5 min at the Bac8c MBC and over time depolarization increases to 74% depolarized after 
60 min exposure (OD600 0.1). 
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2.3.3 Visual interpretation of Bac8c cell envelope effects 
 Electron microscopy was performed to assess any structural differences in the bacterial 
cells following exposure to inhibitory or bactericidal Bac8c concentrations. Images of negatively 
stained E. coli cells were obtained from semi-thin TEM following 30 min of or bactericidal 
exposure. With inhibitory Bac8c (3μg/ml) (Figure 5  b), no destabilization of the cell envelope 
was observed. In contrast at or above the MBC (6μg/ml and 30μg/ ml were tested; Figure 5  
c,d,f,g,h-k), a variety of membrane perturbations were observed. At the MBC (6μg/ ml, Figure 5  
c,f,h-k), membrane roughening and blebbing were noted, as well as some increased separation of 
the cytoplasmic and outer membranes, indicated by a light ring around each cell (Figure 5  h-k) . 
In contrast this was not observed in control cells (no Bac8c exposure) or at inhibitory 
concentrations (Figure 5  a, b, e). Additionally, at or above the MBC there appeared little 
evidence of lysis as revealed by little dissolution of cytoplasmic contents as evidenced by the 
minimal loss in density. No increase in inhibition of septum formation, or lysis of cells within 
any samples was observed. The lack of a lytic effect was further confirmed by observations of 
stable optical density readings throughout 24 h of exposure to Bac8c at concentrations as high as 
60 µg/ ml (data not shown).  
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Figure 5. Transmission Electron Microscopy.  Logarithmic growth E. coli cells were grown in 
MOPS minimal media in the presence or absence of varying concentrations of Bac8c. Samples 
were taken after 30 min and cells were fixed in gluteraldehyde immediately, and then processed 
for TEM. A) Control, B) 3 µg/ml (IC50), C) 6 µg/ml (MBC) D) 30 µg/ml (5XMBC).   At a 
higher magnification E) Control, F) 6 µg/ml G) 30 µg/ml. H-K) Images are alternate images of 
cells at the MBC (6 µg/ml) focusing on the membrane effects of Bac8c. (by Tom Giddings)  
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2.3.4 Cytoplasmic targeting 
The studies above indicated that Bac8c killing occurs at around the same time as 
perturbations of the E. coli (cytoplasmic and outer) membrane that resulted in a loss of 
membrane potential, followed by increased permeability to a cationic dye, and altered membrane 
morphology. Notably these effects were observed at the MBC (6 µg/ ml), but were either not 
observed or only transiently observed at the inhibitory concentration that was only 2-fold lower 
(3 µg/ ml). We were thus interested in understanding if the mechanisms of inhibition and killing 
were decoupled, with inhibitory mechanisms realized via inhibition of certain cytoplasmic 
functions.  
E. coli typically maintains a proton motive force (PMF) that supports energy generation 
and the transport of various compounds into the E. coli cytoplasm, which includes but is not 
limited to certain antimicrobial peptides (Wu and Hancock 1999) and aminoglycosides, 
including streptomycin and gentamicin (Bryan and Kwan 1983),(Damper and Epstein 1981). To 
assess the potential relevance of cytoplasmic targets, we performed killing kinetic assays in the 
presence of CCCP that is known to alter the PMF by shuttling protons across the membrane and 
abolishing the proton motive force. We found that pre-incubation with CCCP caused at least an 
18-fold increase in survival in the presence of bactericidal levels of Bac8c after one hour 
incubation with the peptide (data not shown). 
We also examined the effects of reduced pH and high salt, both of which reduce the PMF 
(Bogachev 1995) (11).  We found that pre-incubation with high salt and low pH caused >20-fold 
increase in survival after one hour incubation with Bac8c.  Although high salt and low pH may 
affect AMP potency (14), the consistency of these data together with the unambiguous CCCP 
data, further support the data above that Bac8c action involves either translocation into the 
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cytoplasm or cytoplasmic membrane targeting.  
2.3.5 Inhibition of Macromolecular Synthesis 
We next performed assays to examine the extent to which essential cytoplasmic processes 
were affected by Bac8c addition. The rate of macromolecular synthesis is dependent on a 
number of different factors including ATP availability. On the other hand, in E. coli the 
inhibition of membrane potential gradient with CCCP does not have an immediate effect on ATP 
concentrations or macromolecular synthesis per se (Patrzykat, Friedrich et al. 2002). Thus, we 
reasoned that the dynamics of any inhibition of macromolecular synthesis by Bac8c would help 
delineate between possible cytoplasmic and cytoplasmic membrane targets.  
The incorporation of radiolabelled macromolecular precursors: thymidine (Figure 6b), 
uridine (Figure 6c) and histidine (Figure 6d), was measured over one hour using early log phase 
E. coli cultures. At sub-lethal, inhibitory concentrations (<6 µg/ ml) of Bac8c, only translation 
was inhibited, while at much higher concentrations (40 µg/ ml), all macromolecular processes 
were inhibited. Additional assays were carried out investigating various concentrations of 
thymidine and histidine, for which no transcriptional inhibition was observed below 50 µg/ml 
(Supplementary data, Fig S1a,b). This result was confirmed using in-vitro transcription assays 
(Supplementary data, Table S1). Overall we can conclude that even at inhibitory, sub-lethal 
concentrations Bac8c is able to enter the cell (as judged by the inhibition of translation), and that 
translation inhibition followed transient membrane depolarization (Figure 4d).   
32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A B 
C D 
Figure 6. Macromolecular Synthesis.  Incorporation of H
3
 labeled radioactive isotopes was 
measured over time. A) Colony forming units (CFU)/ml sampled at the same time isotope 
incorporation was measured. B) Thymidine incorporation was measured to study the effects 
of Bac8c on DNA replication.  Below the MBC, incorporation was unaffected. C) Uridine 
incorporation was measured to study the effects of Bac8con transcription. Effects on 
transcription are seen at 40 µg/ml. D) Histidine incorporation was measured to study the 
effects of Bac8c on translation.  All concentrations of Bac8c have some effect on translation.  
B-D) Y-axis represents counts per minute (CPM) of radioactivity: squares (control), 
diamonds (2 µg/ml) 
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2.3.6 Bac8c inhibition of ATP synthesis and electron transport chain activity 
Inhibition of translation can be achieved directly through inhibition of ribosome function 
(Bryan and Kwan 1983; Yonath 2005), which results in an increase in ATP pools (Schneider, 
Gaal et al. 2002), or indirectly by  substrate (ATP) limitations, as would result from a loss in 
PMF (Vlamis-Gardikas 2008). To discriminate between these two possibilities, we next 
measured the dynamics of ATP pools after Bac8c addition.  Intracellular ATP levels were 
examined over one hour following Bac8c addition at either inhibitory or bactericidal 
concentrations (Figure 7a). ATP depletion began 15 min after addition of Bac8c at inhibitory 
concentrations, while in comparison, at the MBC, ATP depletion began immediately after 
addition.  
Based on these results, we hypothesized that at sub-lethal concentrations, Bac8c 
destabilizes the cytoplasmic membrane to a lesser extent than at the MBC. We speculated that 
moderate disruption of cytoplasmic membrane function could alter electron transport chain 
function, which if decreased would result in reduced ATP levels and possibly result in inefficient 
turnover in the electron transfer from NADH to NAD
+
. To explore this hypothesis, we next 
measured NAD
+
/NADH ratios in Bac8c treated and untreated E. coli. We observed that at sub-
lethal concentrations of Bac8c, the ratio of NAD
+
/NADH diminished rapidly after exposure to 
Bac8c, due to an increase in available NADH (Figure 7 b,c).   Above the MBC, we observed a 
rapid loss of both dinucleotides (NAD
+
, NADH) and an abolished redox potential (at 5X and 
10X MIC). This is consistent with the loss of ATP above the MBC, which we suspect is due to 
membrane disruption.  As with ATP, we performed MIC assays to confirm the role of 
NAD
+
/NADH in Bac8c inhibition.  We found the addition of compounds that stimulate NAD
+
 
biosynthesis (nicotinamide, aspartic acid and glutamine) (Figure 7d) resulted in an increase in 
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sub-lethal growth, but did not increase the MIC.  
 
 
 
 
 
 
 
 
 
 
 
 
The results thus far suggested that at sub-lethal concentrations, Bac8c disrupts normal 
electron flow, presumably through non-lethal destabilization of the cytoplasmic membrane, 
resulting in a decrease in NADH turnover (Figure 7a,c) and at least transient hyperpolarization of 
the cytoplasmic membrane (see minutes 30-90 in Figure 4b). Hyperpolarization of the membrane 
A 
C D 
B 
Figure 7. Bac8c inhibition of ATP synthesis and electron transport chain activity. A)  
ATP concentration in logarithmically grown E.coli cells: under normal conditions (diamonds), 
at the inhibitory concentration (crosses - 3 g/ml), and MBC (triangles - 6 g/ml).  B) E. coli 
NAD
+
/NADH ratios after exposure to Bac8c (6 µg/ml) decreased as a function of time, 
reflecting decreased redox or electron transport. C) The decrease in redox was a function of an 
increase in NADH and was concentration dependent.  D) Conditions that stimulated NAD
+
 
biosynthesis also showed an increase in sub-lethal resistance to Bac8c. We tested the effects of 
supplementation with NAD
+
 precursors: nicotinamide (NAD
+
 salvage pathway), aspartate 
(NAD
+
 biosynthesis I), and glutamine (NAD
+ 
biosynthesis I, glutamine dependent).  
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would result in the formation of superoxide radicals, which have recently been implicated in 
antimicrobial based killing as documented by Kohanski et al (2007) (Kohanski, Dwyer et al. 
2007) and observed by others (Imlay and Linn 1988; Kohanski, Dwyer et al. 2007).  We thus 
next performed tests to elucidate any role of radicals in Bac8c inhibition and/or killing. 
2.3.7 Effect of Bac8c on free radical formation 
Radical formation in E. coli can occur either through leakage of the electron chain 
(Gonzalez-Flecha and Demple 1995; Stewart 1996; Vlamis-Gardikas 2008) or degradation of 
methylglyoxal (MG), which forms as a result of disrupted glycolysis and energy metabolism 
(Kalapos 2008).  Thus, to further confirm a role of Bac8c in inhibition of energy metabolism, we 
assessed the formation of both MG and hydroxyl radicals at various Bac8c concentrations.    
Intracellular accumulation of MG was measured by a modified method of Zhu et al., 
2002 (Zhu, Skraly et al. 2001).  We found that significant MG formation only occurred after 2 h 
of exposure at sub-lethal concentrations (Figure 8).   Similarly, using the dye hydroxyphenyl 
fluorescein (HPF), we found that hydroxyl radical formation only increased after 2 hours of 
exposure at the MBC, and modestly at the sub-lethal concentrations (Figure 8).  These results 
suggested that MG and/or radical formation were a consequence of Bac8c target inhibition 
and/or killing rather than a cause of inhibition or killing.   To test this inference, we determined if 
addition of compounds that reduce superoxide formation (the iron chelator, 2,2 dipyridyl, and the 
peroxide scavenger, thiourea) would increase survival. Neither the killing rate or nor the MIC 
was significantly affected by these compounds (data not shown).  
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2.4 DISCUSSION 
The objective of this research was to improve our understanding of the mode of inhibition 
of a synthetic antimicrobial peptide Bac8c on E. coli.  The complex sequence of observed events 
that are involved in the bacteriostatic and bactericidal action of Bac8c are presented in Fig. 9. 
Interestingly, we observed that Bac8c completely and rapidly kills at an MBC of 6 µg/ml, while 
below this concentration (<4µg/ ml) Bac8c had a comparatively moderate inhibitory effect. Our 
observations were consistent with a two-stage model for Bac8c action.  At, or above the MBC, 
Bac8c appears to disrupt the proper functioning of the cytoplasmic membrane causing rapid 
depolarization, which results in membrane permeation, simultaneous inhibition of all 
macromolecular synthesis, and rapid cell death (Figure 9).   At sub-lethal concentrations (3 
µg/ml), cytoplasmic membrane integrity was maintained but the PMF was transiently disrupted, 
and cell growth continued. However, ATP synthesis, NAD
+
/NADH, and protein synthesis all 
A B 
Figure 8. Methylglyoxal accumulation and Hydroxyl radical formation.  A) Intracellular 
accumulation of MG occurs after 2 hours incubation with sub-lethal levels of Bac8c. Positive 
control for MG formation was xylose as sole carbon source and cAMP addition (data not shown). 
Sub-MIC Bac8c 6 µg/ml (OD 0.5).  B) Flow cytometry measurement of increase in hydroxyl 
radical formation by the dye HPF after 2 hours with: control (filled light gray), IC50 (3 µg/ml)(dark 
gray), and MBC (6 µg/ml)(black) . Hydroxyl radical formation after 60 min exposure to Bac8c was 
not significantly different.  (OD600 0.1)  
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decreased. This suggests that the mechanisms through which Bac8c disrupts cell function change 
over a small concentration range. For example, at the MBC the integrity of the outer and 
cytoplasmic membrane was disrupted.  However, at sub-lethal concentrations, the function of the 
cytoplasmic membrane could be restored over time even though the functions of membrane-
based processes (such as the ETC) appear to be inhibited.   
 
Figure 9. Bac8c MOA timeline.  After addition of Bac8c, the first two events that occur are a 
decrease in redox potential due to an increase in NADH, and partial membrane depolarization.  
Within 15 min, ATP is depleted, and inhibition of macromolecular synthesis occurs.  At this 
time, over 50% of cells have completely depolarized, yet only 15% of this population is 
permeablized.  Within 30 min, there is less than 10% cell survival, and a corresponding increase 
in membrane depolarization and permeabilization.  Within 60 min, most of the population 
observed is depolarized, permeated, and 99% of the population is non-recoverable.  After 60 
min, both the accumulation of MG and free radicals can be observed. 
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It has been proposed that many AMPs, can kill bacterial cells through the disruption of 
membrane integrity. Here, we observed that at the MBC, we had complete and rapid increase in 
membrane depolarization, which was then followed by cytoplasmic membrane permeabilization.  
The kinetics of these changes correlated well with those of cell killing at the time in which 
depolarization, not permeability alteration signaled the lethal event (Figure 4, Figure 9).  TEM 
images of Bac8c interacting with E. coli at or above the MBC indicated that Bac8c addition 
caused minimal dissolution of the cytoplasmic space, but significant roughing of the membrane, 
and membrane blebbing within 30 min of exposure.  Membrane blebbing, also called 
micellization, is indicative of the lipopolysaccharide being released from the cell surface. 
Membrane blebbing is cause by a variety of other AMPs, antibiotics and conditions such as 
streptomycin, ciprofloxicin, and heat-induced killing (Katsui, Tsuchido et al. 1982; 
Kadurugamuwa, Clarke et al. 1993), albeit to a lesser extent than observed for AMPs.  We 
expect that these changes in the membrane were a major factor in killing by Bac8c, but were not 
sufficient to result in significant loss of cytoplasmic components that would indicate lysis as 
demonstrated by spectrophotometry and TEM. Interestingly, at the IC50 we did not observe the 
same effects on membrane morphology or cytoplasmic components, suggesting that the basic 
mechanisms at work in killing are different from those at work in growth inhibition.  We 
speculate that these observations could be due to Bac8c insertion into and more profound 
translocation across the cytoplasmic membrane, and that a critical concentration is required for 
structural changes that result in killing.  This type of critical concentration has been shown for 
several pore forming peptides, as summarized in the review by Hancock et al (Hancock and 
Rozek 2002), but the studies reported here provide one of the best illustrations of how suddenly 
this occurs.  Alternatively, Bac8c may largely lie parallel to the surface of the membrane at 
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sublethal concentrations and translocate poorly across the membrane to give rise to inhibition of 
cytoplasmic targets, but only at or above a certain concentration, the MBC, can it more 
profoundly insert into the membrane, and substantially disrupt critical events that require intact 
membranes (e.g. cell wall biosynthesis or cell division) or translocate to inhibit a broader range 
of cytoplasmic targets that collaborate with the membrane events to bring about killing.  To 
inform more about these events, we performed a series of studies focused on macromolecular 
synthesis, electron trafficking, and energy metabolism.  
AMPs have been shown to bind to intracellular targets, such as DNA or proteins (Hsu, 
Chen et al. 2005), and to inhibit protein biosynthesis (Kragol, Lovas et al. 2001; Podda, 
Benincasa et al. 2006; Shaw, Alattia et al. 2006).  We found that translation was inhibited at sub-
lethal concentrations of Bac8c, while DNA, RNA, and protein synthesis were all inhibited at 
higher concentrations. While translation was inhibited, these results did not provide any insights 
into whether Bac8c worked in a direct or indirect manner to do so.  Protein synthesis consumes 
more ATP than any other metabolic process (Russell and Cook 1995).  As ATP is produced, it is 
instantly consumed to make new proteins as the cell grows and divides, therefore ATP limitation 
can indirectly affect translation. In contrast, if translation is inhibited, one possible outcome 
might be the build-up of ATP and NAD
+
, due to super-charging of the ETC (Schneider, Gaal et 
al. 2002; Kohanski, Dwyer et al. 2007).   With this in mind, we next measured ATP and 
NAD
+
/NADH levels at sub-lethal concentrations and MBC.  
We determined that ATP decreases rapidly after Bac8c addition at either sub-lethal 
concentrations or the MBC. It is known that within minutes after a dramatic loss of membrane 
integrity, cells lose the ability to synthesize ATP, and endogenous ATPases would destroy any 
remaining ATP. If cytoplasmic based ETC (i.e. respiration) and ATP synthesis was inhibited, 
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then one would expect to observe a decrease in electron turnover via NADH oxidation, and thus 
a decrease in the ratio of NAD
+
/NADH.  Indeed, we observed a rapid decrease in this ratio after 
addition of Bac8c at both the sub-lethal concentrations and the MBC. As a further check on the 
effects of respiration inhibition, we determined that under anaerobic conditions the Bac8c MIC 
doubled. We also determined that PMF was directly linked with Bac8c potency in MIC studies 
with modest levels of the PMF uncoupler CCCP, thus further emphasizing cytoplasmic 
membrane or cytoplasmic targets. Finally, we found that activating NAD
+
 biosynthesis pathways 
increased resistance to Bac8c at sub-MIC concentrations. It is tempting to speculate that this 
resistance could come from metabolic re-routing, and removing some pressure from the ETC to 
make ATP, or from increasing availability of dinucleotides that may leach out of the cell even at 
low concentrations of Bac8c.  Collectively, these results demonstrate the Bac8c mode of action 
involves cytoplasmic targets, with evidence pointing towards direct or indirect disruption of 
respiratory functions located within the cytoplasmic membrane.  
As the cellular respiration and the electron transport chain is the main source of oxygen 
radicals, its functions must be tightly regulated (Poole 1994). Kohanski et al reported that 
hydroxyl radical formation is an important player in cell death caused by bactericidal antibiotics 
(Farr and Kogoma 1991; Miller, Thomsen et al. 2004; Kohanski, Dwyer et al. 2007; Kohanski, 
Dwyer et al. 2008) and proposed that exposure to antibiotics stimulates cell respiration and 
consequentially accelerates endogenous formation of reactive oxygen species (ROS) resulting in 
cell death (Hassett and Imlay 2007).  A number of factors are known to influence the rate of 
hydroxyl-radical generation including the TCA cycle, NADH levels, and iron sulfur cluster 
assembly, which can also affect the rate of cell death (Imlay and Linn 1988).  In addition to the 
factors listed above, another well-studied mechanism of hydroxyl radical formation is the 
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production of methylglyoxal (MG), a highly toxic electrophile, which is an intermediate involved 
in a glycolysis bypass pathway that is activated according to buildup of phosphorylated sugars 
that are created in upstream glycolytic reactions (Booth, Ferguson et al. 2003). In E. coli, the 
principal route to MG is from dihydroxyacetone phosphate by the action of methylglyoxal 
synthase (Tutemeyer, Booth et al. 1998). The toxicity of MG is believed to be due to its ability to 
interact with the nucleophilic centers of macromolecules (i.e. DNA), which subsequently result 
in the formation of ROS (Ferguson, Tötemeyer et al. 1998).  
 We found that both MG accumulation and hydrogen radical formation occurs at high 
concentrations of Bac8c, but not significantly until 2 hours after incubation with the peptide. 
This suggests that both MG accumulation and hydroxyl radical formation are not contributors to 
cell death, but by-products that build up after the cell is committed to death.  We further 
confirmed this inference by testing Bac8c potency in conjunction with two established means of 
blocking hydroxyl radical formation: the application of iron chelators that block Fenton reaction-
mediated hydroxyl radical formation by sequestering unbound iron (Imlay and Linn 1988) and 
the use of thiourea, a potent hydroxyl radical scavenger that mitigates the effects of hydroxyl 
radical damage in both eukaryotes and prokaryotes (Novogrodsky, Ravid et al. 1982).  We 
showed that reduction of superoxide formation by an iron chelator or a peroxide scavenger does 
not increase resistance to Bac8c, or limit the rate of cell death by Bac8c, thereby further 
supporting the conclusion that Bac8c does not kill in a hydroxyl radical dependent manner.  
These results are consistent with our results with NAD
+
/NADH and the accumulation of NADH 
in cells below the MBC.  Instead of supercharging the ETC as suggested for various antibiotics 
by Kohanski et al. (Kohanski, Dwyer et al. 2007), Bac8c appears to stall the ETC and thus 
increase relative NADH levels.   If these effects were not mitigated, both superoxide (through 
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electron leakage from carriers in the electron transport chains) and MG formation (through active 
upper glycolytic metabolism yet stalled respiration) would likely occur as downstream events 
(Kalapos 2008).     
We have been unable to obtain more than very moderate levels of resistance to Bac8c 
through extensive knockout and over-expression libraries screening (unpublished data), 
indicating that a single gene/protein target may not exist.  These results are consistent with our 
model of targeting cytoplasmic membrane-dependent functions, which involve the action of a 
large variety of proteins and other macromolecules.  This makes Bac8c an attractive peptide for 
use in drug combinations.  As an example, most efflux pumps require PMF to function when 
conferring resistance to antibiotics such as tetracycline, erythromycin,
 
or chloramphenicol among 
others (Minahk, Dupuy et al. 2004).  Addition of Bac8c, which we have shown can disrupt PMF 
both transiently at low concentrations as well as more profoundly at higher concentrations, along 
with a traditional antibiotic affected by efflux mechanisms could increase efficacy and decrease 
the emergence of resistance.  Continued studies of the MOA of antimicrobial peptides are 
required to further develop similar strategies for taking advantage of the attractive qualities that 
AMPs offer as antimicrobial platforms.   
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CHAPTER THREE 
3 A GENOME-WIDE APPROACH FOR IDENTIFICATION OF CLONES WITH ENERGY 
DEPENDENT RESISTANCE TO A SYNTHETIC ANTIMICROBIAL PEPTIDE (BAC8C) 
 
Journal: Journal of Bacteriology, to be submitted Sept. 2010.  
Authorship:  Spindler, E.C.  
Hancock, R.E.W. 
Gill, R. T.  
 
3.1 Introduction  
A major barrier to the development of antimicrobial peptide-based therapies is the lack of 
full understanding of the complex modes of killing by antimicrobial peptides (AMPs) (Hancock 
and Chapple 1999). Besides the membrane-associated activities of AMPs, a variety of studies 
have implicated inhibition of DNA, RNA, and protein synthesis, inhibition or specific binding to 
DNA, inhibition of enzymatic activity, activation of autolysins, inhibition of septum formation 
and inhibition of cell wall formation as targets of various AMPs (Bodanszky and Perlman 1969; 
Brogden 2005; Brown and Hancock 2006; Hale and Hancock 2007). However, it is also possible 
that AMPs elicit a combination of cell killing strategies. Therefore, direct evidence for specific 
modes of action has been elusive.  The lack of detailed knowledge of the complex mode(s) of 
action continues to limit our understanding of structure activity relationships, and our ability to 
take full advantage of these compounds (Mangoni, Papo et al. 2004).  
Bac8c (RIWVIWRR-NH2) is an 8 amino acid peptide derived through a complete 
substitution analysis of Bac2A (RLARIVVIRVAR-NH2) (Hilpert, Volkmer-Engert et al. 2005). 
It is smaller than bactenecin (also known as bovine dodecapeptide), the smallest known broad 
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spectrum natural antimicrobial peptide, yet has enhanced activity against a range of pathogenic 
Gram-positive and Gram-negative bacteria, as well as yeast (Wu and Hancock 1999).  We have 
previously described efforts to map the mode of action of Bac8c (Spindler 2010, under review). 
We have shown that this AMP appears to interfere with multiple targets, apparently through 
disruption of cytoplasmic membrane related functions.  Based on the complexity of Bac8c’s 
mode of action, it is not surprising that neither of our laboratories were able to identify mutants 
with more than very moderate levels of resistance to Bac8c even though we performed 
comprehensive screening of knockout, over-expression, and chemical mutation libraries 
(unpublished data). Since this recalcitrance to resistance is a very attractive property for any 
antimicrobial compound, we sought to improve understanding of this property using a genome-
scale library screening method reported previously by our group (Warnecke, Lynch et al. ; Gill, 
Wildt et al. 2002; Lynch, Warnecke et al. 2007; Bonomo, Lynch et al. 2008).   
 The Scalar Analysis of Library Enrichments (SCALEs) approach employs gene-chip 
technology and precisely designed extra-chromosomal libraries to map the effect of gene over-
expression onto overall cell fitness.  Specifically, plasmid-based genomic libraries of different 
sizes are quantitatively evaluated through the purification of plasmid DNA at different time 
points via hybridization and quantification of the genomic library DNA inserts using Affymetrix 
gene-chips and our previously developed SCALEs algorithm, respectively.     SCALEs has been 
used previously to identify genes related to increased growth, 3-hydroxypropionic acid tolerance, 
solvent tolerance, antibiotic tolerance, and anti-metabolite tolerance (Warnecke, Lynch et al. ; 
Lynch, Warnecke et al. 2007; Bonomo, Lynch et al. 2008; Gall, Lynch et al. 2008; Warnecke, 
Lynch et al. 2008). Here, we applied this approach to develop insights into why resistance to 
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Bac8c does not readily develop, and in turn provide further information regarding the apparent 
modes of Bac8c action (Spindler 2010, under review).  
These results underline our prior results indicating that Bac8c likely has multiple 
intracellular targets.   In particular, our prior studies suggested that Bac8c has two modes for 
killing E. coli cells.  At sub-lethal concentrations Bac8c results in transient membrane 
destabilization and metabolic imbalances, which appeared to be linked to inhibition of 
respiratory function. At lethal concentrations, Bac8c substantially but incompletely depolarized 
the cytoplasmic membrane and disrupted electron transport, followed by partial membrane 
permeabilization and cell death.  Our efforts here indicated that there is an elaborate network of 
genes for which over-expression leads to low-level resistance to Bac8c (i.e. biofilm formation, 
multi-drug transporters, etc). Functional characterization of the identified low-level resistance 
genes according to Clusters of Orthologous Groups (COG) or Gene ontology (GO) did not reveal 
functional groups associated with these enriched genes. Rather, our analysis suggested that 
certain clones exhibited increased resistance based on their ability to decouple substrate 
phosphorylation from oxidation phosphorylation, which we expected would allow for continued 
ATP generation in the presence of Bac8c. To test this hypothesis, we examined in more depth 
four genetic regions (lpd, dhaKLM, putA or appBC) for which increased copy number conferred 
increased fitness throughout our Bac8c selection studies.  Indeed, our studies confirmed that 
altered energy metabolism and the ability for cells to retain dinucleotide concentrations aided in 
resistance to Bac8c.  These results demonstrate the capability of E. coli to develop low-level 
resistance using distinct genetic mechanisms yet possibly a shared metabolic mechanism that 
involves redox cofactor balancing.  
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3.2 Materials and Methods 
3.2.1 Bacteria, plasmids, and materials 
E. coli strain Mach1-T1
R
 (Invitrogen, Carlsbad, CA.) wild-type W strain (ATCC #9637, S. A. 
Waksman)  Mach1-T1
R 
F
- 
φ80(lacZ)ΔM15 ΔlacX74 hsdR(r
K
-
m
K
+
) ΔrecA1398 endA1 tonA 
containing pSMART-LCKAN empty vector were used for all control studies.  Overnight cultures 
were grown in Luria Bertani (LB) medium.  Growth curves were carried out in 3-(N-
morpholino)propanesulfonic acid (MOPS) Minimal Medium (Neidhardt 1974).  For all 
experiments that required antibiotic to maintain the vector, kanamycin (KAN) was used at 30 
µg/ml.  Bac8c was synthesized by N-(9-fluorenyl)methoxy carbonyl chemistry from GenScript 
Corporation (Piscataway, NJ). 
3.2.2 Genomic Library Construction 
Drs. Tanya Warnecke and Michael D. Lynch constructed the genomic library, as described 
previously (Lynch, Warnecke et al. 2007; Warnecke, Lynch et al. 2008). Briefly, Cultures of the 
E. coli K12 were cultivated overnight in 500 ml of LB at 37°C to an optical density of 1.0 
(OD600). DNA was extracted using a Genomic DNA Purification kit (Qiagen) according to 
manufacturer’s instructions. Five samples containing 50 ug of purified genomic DNA were 
digested using two blunt-cutter restriction enzymes: AluI and RsaI (Invitrogen). Both enzymes 
have four base pair recognition sequences and are used in tandem to ensure a random digestion 
of the genomic DNA.  The partially digested DNA was immediately mixed and separated based 
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on size using agarose gel electrophoresis. DNA fragments of 0.5, 1, 2, 4, and greater than 8 kb 
were excised from the gel and purified with a Gel Extraction Kit (Qiagen). 
Ligation of the purified, fragmented DNA with the pSMART-LCKan vectors was 
performed with the CloneSmart Kit (Lucigen) according to manufacturer’s instructions. The 
ligation product was then electroporated into E. Cloni 10 GF’ Elite Electrocompetent Cells 
(Lucigen), plated on LB+kanamycin, and incubated at 37°C for 24 hours. Dilution cultures with 
1/1000 of the original transformation volume were plated on LB+kanamycin in triplicate to 
Determine accurate transformation efficiency and to confirm greater than 10
5 transformants per 
library corresponding to greater than 99% probability of complete library coverage. 
 
3.2.3 Transformation of Library DNA 
Purified plasmid DNA from each library was introduced into MACH-1
TM
-T1
®
 (Invitrogen) by 
electroporation. MACH-1
TM
-T1
®
 cultures were made electrocomptent by a standard glycerol 
wash procedure on ice to a final concentration of 10
11
cells/ml (Sanbrook et al.). 1/1000 volume 
of the original transformations was plated on LB+KAN in triplicate to determine transformation 
efficiency and adequate transformant numbers (>10
6
). The original cultures were combined and 
diluted to 100 ml with MOPS minimal medium + KAN and incubated at 37°C for 6 hours or 
until reaching an OD600 of 0.20. 
3.2.4 Selection 
A repeated batch selection was performed in which the level of selective pressure (AMP 
concentration) decreases with each batch (Fig. 1a), and was designed based on work performed 
previously in the lab under variable conditions (Warnecke, Lynch et al. 2008).  The newly 
transformed library (from above) was first diluted to an OD600 of 0.1.  An aliquot of cells (1 ml 
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of 10
7 
cells/ml) were plated at time zero. Two separated selections were preformed one starting 
at a Bac8c concentration of 7 µg/ml (above the control MIC), and another starting at (6 µg/ml – 
control MIC).  The first selection (batch one) continued until cells reached mid log (OD600 0.5). 
In both cases this required 12 h.  An aliquot of cells were plated (10,000 colonies per plate), and 
the cultures were then diluted to (0.1), and 6 µg/ml (7-6) and (6-5) 5 µg/ml were added to each 
separate selection (batch two).  This batch was again grown to mid-log phase, and in each 
selection required 6 h of growth. An aliquot of cells was plated and the cultures were diluted 
again, and 5 µg/ml (7-6-5), 4 µg/ml (6-5-4), was added to each selection.  This was repeated as 
above, for the two selections, until completion: (7-6-5-4), and (6-5-4).  Selected populations 
were plated on LB +KAN, and Colonies were harvested after 24 h by gently scraping the plates 
into TB medium. The cultures were immediately resuspended by vortexing, and aliquoted into 
15-1 mL freezerstock cultures with a final glycerol concentration of 15 %v/v (Sambrook 2001). 
The remainder of the culture was pelleted by centrifugation for 15 minutes at 3000 rpm. Plasmid 
DNA was extracted according to the manufacturer’s instructions using a HiSpeed Plasmid Midi 
Kit (Qiagen).  To confirm insert sizes and positive transformant numbers, plasmids were isolated 
from random clones for each library size using Qiaprep Spin MiniPrep Kit (Qiagen).  Purified 
plasmids were then analyzed by either PCR or restriction digestion. PCR using the SL1 (5’-CAG 
TCC AGT TAC GCT GGA GTC-3’) and SR2 (5'-GGT CAG GTA TGA TTT AA A TGG TCA 
GT) primers.   
3.2.5 DNA Microarrays 
For each array, 3 µg of sample plasmid DNA was mixed with the following control plasmid 
DNA: 1000 ng pGIBS-DAP (ATCC#87486), 100 ng pGIBS-THR (ATCC# 87484), 10 ng 
pGIBS-TRP (ATCC# 87485) and 1ng pGIBS-PHE (ATCC# 87483). The plasmid mixture was 
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digested at 37°C overnight with 1 unit each of AluI and RsaI (Invitrogen) in a reaction 
containing 50 mM Tris-HCl (pH 8.0), and 10 mM MgCl2. Reactions were heat inactivated at 
70°C for 15 minutes. 10X One Phor All Buffer (Amersham Pharmacia Biotech, Piscataway, NJ) 
was added to the digestions to a final 1X concentration. 1 uL RQDNAse I (Fisher) was added to 
the reactions and incubated at 37°C for 2 minutes followed by heat inactivation at 98°C for 20 
minutes. 
1 uL of Exonuclease III (Fisher) was added to the reactions and incubated at 37°C for 15 minutes 
followed by heat inactivation at 98°C for 20 minutes. The resulting fragmented single stranded 
DNA was then labeled with biotinylated ddUTP using the Enzo BioArray™ Terminal Labeling 
Kit (ENZO Life Sciences, Farmingdale, NY) following the manufacturers’ protocol. Affymetrix 
E. Coli Antisense GeneChip® arrays (Affymetrix, Santa Clara, CA) were handled at the 
University of Colorado DNA Microarray Facility according to manufacturer’s specifications 
using a GeneChip® Hybridization oven,GeneChip® Fluidics Station, GeneArray® scanner 
and GeneChip® Operating Software 1.1 (Affymetrix). 
3.2.6 Microarray Data Analysis 
Data analysis was completed by utilizing SCALEs software developed by Lynch et al. according 
to author’s instructions (Lynch, Warnecke et al. 2007).   Signal values corresponding to 
individual probe sets were extracted from the Affymetrix data file and partitioned into probe sets 
based on similar affinity values.  Background signal for each probe was subtracted according to 
conventional Affymetrix algorithms (MAS 5.0). Non-specific noise was determined as the 
intercept of the robust regression of the difference of the perfect match and mismatch signal 
against the perfect match signal. Probe signals were then mapped to genomic position as the 
tukey bi-weight of the nearest 25 probe signals and were denoised by applying a medium filter 
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with a 1000 bp window length. Gaps between probes were filled in by linear interpolation. This 
continuous signal was decomposed using an N-sieve based analysis and reconstructed on a 
minimum scale of 500 bp as described in further detail by Lynch et al.(Lynch, Warnecke et al. 
2007).  Signals were further normalized by the total repressor of primer (ROP) signal, which is 
on the library vector backbone and represents the signal corresponding to the total plasmid 
concentration added to the chip. 
3.2.7 Specific Growth and Killing assays 
For growth rate determination, each clone was inoculated from an -80ºC stock, cultured in 5 ml 
LB with KAN and incubated overnight in a 15 ml conical tube at 37ºC with shaking. Each 
overnight culture was diluted MOPS minimal media (KAN and 0.1% glucose) to an OD600 0.4 
before inoculating conical tubes with 1-10% v/v inoculum (starting OD600 0.1). 15 ml conical 
tubes were incubated at 37
o
C with shaking and absorbance was monitored routinely. Triplicate 
blank vector control flasks were run in parallel for all growth experiments. For multiple clone 
experiments a 96 well polypropylene plate was used and 100 µl samples were measured in 
triplicate every 30 minutes for 8 hours.  Specific growth rate was calculated by determining the 
optimal fit of linear trend lines by analyzing the R
2
-value.  
3.2.8 Minimum Inhibitory Concentration 
The Minimum Inhibitory Concentration (MIC) was determined aerobically in a 96 well-plate 
format as previously described (Wiegand, Hilpert et al. 2008).  Overnight cultures of strains were 
grown aerobically shaking at 37C in 5 ml LB (with antibiotic when required for plasmid 
maintenance).  A 1% (v/v) inoculum was introduced into a 15 ml culture of MOPS minimal 
media.  All samples reached mid-exponential phase, the culture was diluted to an OD600 of 0.5.  
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The cells were diluted 1:1000 and a 90 µl aliquot was used to inoculate each well of a 96 well 
plate (~10
5
 final CFU/ml).  The plate was arranged to measure the growth of variable strains or 
growth conditions in increasing Bac8c concentrations, 0 to 60 µg/ml, in 2-fold increments 
(Hilpert, Volkmer-Engert et al. 2005). MIC was determined as the lowest concentration at which 
no visible growth was observed after incubation at 37ºC for 18 hr. 
3.2.9 Determination of NAD+/NADH 
Dinucleotide extraction and the NAD
+ 
cycling assay were performed as previously described by 
Leonardo et al. (Leonardo, Dailly et al. 1996).  Briefly, after exposure to Bac8c, cells were spun 
down at 5,000xg for 2 min, supernatant removed and the cells immediately frozen in a dry 
ice/ETOH bath.  NAD
+
 or NADH assay buffer  (acid or base extraction respectively) was added 
to each cell sample, 3 freeze-thaws cycles were performed, and all other following procedures 
were followed through as described previously (Leonardo, Dailly et al. 1996; Kohanski, Dwyer 
et al. 2007).  
3.3 Results 
3.3.1 Selection Design 
Laboratory selection experiments allow for enrichment for the fittest members in a 
population at the expense of less fit population members.  The challenge lies in designing a 
selection in which the phenotype of interest directs this enrichment and not additional 
phenotypes that can contribute to fitness in a given environment. Here, we employed a reverse-
gradient selection strategy that was targeted at clones with improved growth in the presence of 
sub-lethal levels of Bac8c. We have previously shown that this selection strategy improves both 
sensitivity (false negative) and selectivity (true positive) relative to alternative strategies (such as 
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an increasing gradient) (Warnecke, Lynch et al. ; Lynch, Gill et al. 2004; Lynch, Warnecke et al. 
2007; Gall, Lynch et al. 2008).  Here, we initiated our selection at a concentration of Bac8c 
slightly below the MIC of 6 µg/ml and finished after two serial transfers to 5 µg/ml and 4 µg/ml 
(Figure 10a).  The SCALEs method enables one to track each clone within the library 
population, which then allows analysis of population dynamics to assess the strength and 
consistency of a particular selection.  Here, we observed that the average relative fitness 
increased through each batch selection (Figure 10b)  
We designed our selections to have a moderate level of selective pressure so that we 
could identify a broad-range of genes associated with Bac8c resistance.   This moderate selective 
pressure was indeed observed; note the moderate reduction in diversity over the course of the 
selection (Figure 10b). A genome-wide plot of such low-level resistance genes is provided in 
Figure 10c.  For each batch, the fitness for each 125-bp position is plotted around the genome for 
each scale referred to in the legend. Circles i, ii, and iii correspond to the (6 µg/ml, 5 µg/ml, 4 
µg/ml)/control, (6 µg/ml, 5µg/ml)/control, and 6 µg/ml/control, respectively. The SCALEs 
algorithm converts this 125-bp resolution data into a fitness score for each gene in the genome as 
well as for individual clones, which may contain multiple genes within the plasmid based insert 
DNA, contained within our genomic-library (see Lynch et al for detailed descriptions). The 
clones with the highest fitness values after our reverse gradient selection are indicated.   
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Figure 10. Selection Design. A) Unlike customary selections, our design decreases selective 
pressure (AMP concentration) through each successive batch.  B)  This is a histogram of each 
selected population displaying the increase in relative fitness over time through the three successive 
batches. C) A genome-wide plot of the multi-scale analysis of the fitness each successive batch 
culture over the control culture at time 0. For each batch, the fitness for each 125-bp position is 
plotted around the genome for each scale referred to in the legend. Decrease in selective pressure 
(through each successive batch) moves outward from the center circle. Circles i, ii, and iii 
correspond to the (6 ug/ml, 5 ug/ml, 4 ug/ml)/Control, (6 ug/ml, 5 ug/ml)/ Control, and 6 
ug/ml/Control, respectively. The percentage of the E. coli genome is plotted clockwise around the 
circles.  Inserts with high fitness values are labeled. 
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3.3.2 Selection for resistance clones 
 A central question for our studies concerned the potential routes by which Bac8c 
resistance could develop, and whether these potential resistance routes might provide further 
insight into why it is so difficult to develop even moderate levels of resistance to this compound. 
To this end, we analyzed all clones exhibiting a positive fitness value with respect to the 
enriched genes’ functions.  Specifically, all 1739 non-duplicate clones (defined as the smallest 
clone surrounding a high fitness genetic region) with positive fitness (~10% of the entire 
population) were classified based on their COG functional group, and weighted based on the 
highest fitness assigned to any gene within the clone’s insert DNA (Figure 11a).  The groups 
were then classified based on the percent coverage of a particular COG group  (i.e based on the 
#genes in represented in each separate selection / # of total genes in each COG).  The two 
highest groups correspond to: Defense (V), and Energy production and conversion (C).  Overall, 
however, there was no significant enrichment of a particular COG functional group when 
examining the top 1739 clones.   
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Figure 11. COG functional classification.  A) All clones with a positive fitness value that did 
not contain duplicate genes were classified based on COG functional group (those clones without 
classification were not included). The two highest groups correspond to: (V) Defense, (C) 
Energy production and conversion. (1739 clones represented) ~10% of the total population. B) 
The top ten percent of those clones (of the 1739) with a positive fitness increase (173 clones). 
(V) Defense, (C) Energy Production and Conversion, (L) replication recombination and repair, 
(U) Intracellular trafficking, secretion and vesicular transport, (J) translation, ribosomal function 
and biogenesis, (D) cell division, (O) Posttranslational modification, protein turnover, chaperon, 
(M) Cell wall/membrane/envelope biogenesis, (R) General function prediction only, (F) 
Nucleotide transport and metabolism, (H) Coenzyme transport and metabolism, (I) Lipid 
transport and metabolism, (P) Inorganic ion transport and metabolism, (K) Transcription, (S) 
Function unknown, (E) Amino acid transport and metabolism, (G) Carbohydrate transport and 
metabolism, (T) Signal transduction mechanisms, (Q) Secondary metabolites biosynthesis, 
transport and catabolism, (N) Cell motility 
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We next examined different fitness cutoff values to attempt to discern preferential 
enrichment of particular functions (Figure 11b).  We looked at all positive fitness clones selected 
above the top 10, 20, and 50 percentile (data not shown).   In Figure 11b, the top 10% of all 
positive fitness clones representing (174 clones) are shown. We show that there is not a 
preferential enrichment of particular functions whether we sample the entire population selected, 
or a sub-set. We found that clones part of the defense mechanisms and clones with unknown 
functions made up the highest ranked categories.  Additionally we found the COG group, Energy 
production and conversion, was enriched.   
We then looked at pooled fitness values for each COG group.  That is, each clone 
belonging to a COG group is weighed based on its fitness value (W= ln (Xi/Xo), and this value 
was then pooled with other clones that represent the top 10% (Fig. S1a) and the top 1% (fig. 
S1b).  We see that the functional groups (E-Amino acid transport), (G-carbohydrate metabolism) 
and (C- Energy production and conversion) are represented.  In the top 1% of the pooled group, 
Energy production and conversion represented the 12% of the population, with many other 
groups representing ~9% of the population.   
Our analysis here and in our prior studies underlined the importance of energy 
metabolism; we speculated that this was related to the recalcitrance to resistance. Specifically, 
energy metabolism involves a complex network of enzymes that influence the levels of key 
currency metabolites (i.e. NADH, ATP). We hypothesized that disruption would be very difficult 
to resist at high levels, but conceivable at low levels. To explore this thinking further, we chose 
to study four different genes that affect energy metabolism in distinct ways. Primary selection 
results in which individual clones were selected from plates after Bac8c treatment and were 
sequenced  contained the ORFs , putA and appBC.   These clones conferred Bac8c resistance 
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(through increase in MIC and specific growth in the presence of the peptide) and both clones 
belong to Energy production and conversion COG-C. We therefore decided to focus on these 
two clones as well as lpd and dhaKLM overexpression clones in our efforts to develop insight 
into the factors contributing to our Bac8c directed growth enrichments. Specifically, the lpd 
clone had the highest fitness in the final selection and belongs to the COG-C group. Similarly, 
the dhaKLM clone was the 6
th
 highest ranked and belongs to the COG-G group. Moreover, 
dhaKLM is within a pathway that feeds into lpd.  We hypothesized that each of these clones 
conferred resistance to Bac8c possibly through mediation of redox cofactor balancing that is 
possibly disrupted due to Bac8c addition.  That is, in prior studies we have shown that Bac8c 
addition results in decreased respiration, and an imbalance of redox as well as loss of NAD
+
 and 
NADH cofactors.   A schematic of these clones and their specific processes within the cell is 
shown in Figure 12:  
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Figure 12. E. coli Metabolism.  Clones involved in this study (blue italics) and their roles in E. 
coli metabolism.  
 
lpd. lipoamide dehydrogenase is the E3 component of three multicomponent enzyme complexes: 
pyruvate dehydrogenase multienzyme complex  (Pettit and Reed 1967), 2-oxoglutarate 
dehydrogenase complex  (Guest and Creaghan 1973), and the glycine cleavage system  (Steiert, 
Stauffer et al. 1990)  lpd catalyzes the transfer of electrons to the ultimate acceptor, NAD
+
. It is 
an enzyme that subserves both energy generation and defense against reactive oxygen species 
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generation, as each of the complexes that lpd plays a part in functions at a critical commitment or 
regulatory step in metabolism (Bryk, Arango et al.).  
putA. putA is a proline dehydrogenase (Krishnan and Becker 2006) and a flavoprotein.  It 
functions as a transcriptional repressor and membrane-associated enzyme. The switch between 
the two activities is due to conformational changes triggered by proline binding. In the presence 
of proline, PutA is associated with the cytoplasmic membrane and acts a bifunctional enzyme 
catalyzing both reactions of the proline degradation I pathway: the oxidation of proline by 
proline dehydrogenase and subsequent oxidation to glutamate by pyrroline-5-carboxylate (P5C) 
dehydrogenase. In the absence of proline, PutA is cytoplasmic and functions as a transcriptional 
repressor of the putA regulon.  
dhaKLM. Dihydroxyacetone kinase, which is composed of three subunits: DhaK, DhaL, and 
DhaM. The product of this reaction, dihydroxyacetone phosphate (DHAP), is also formed by a 
flavin-dependent oxidation of glycerol-3-phosphate. DHAP is further metabolized through the 
glycolytic pathway (Siebold, Garcea-Alles et al. 2003).  
appBC.  appBC functions as the  cytochrome bd-II terminal oxidase. appBC is a quinol oxidase 
and can be induced by carbon and phosphate limitation. It has been published that appBC, is 
non-electrogenic and can fully uncouple respiration (Bekker, de Vries et al. 2009).  Bekker et al. 
has demonstrated that the H
+
/e
- 
ratio of the terminal oxidase is zero, where the other terminal 
oxidases cytochrome bo’ and cytochrome bd-I H+/ e- ratio is +2, and +1 respectively.  
Additionally, it has been speculated that appBC allows the cell to avoid respiratory stress via the 
uncoupling of catabolism from ATP synthesis (Shepherd, Sanguinetti et al.).    
Based on the electron trafficking function of each enzyme, we expected that altered 
enzyme levels provide a redox balancing capability to each clone that is not present in the wild-
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type strain. We expected that these clones were selected due to this altered capability. To test, we 
first confirmed that clones were indeed more resistant to Bac8c, and then performed studies to 
assess redox ratios.   
3.3.1 Confirmation of resistance 
We first confirmed that the four clones identified through SCALEs were indeed resistant 
to Bac8c. Resistance was defined by either an increase in specific growth in the presence of the 
peptide, or through an increase in MIC (Figure 13). We found that these clones exhibited a 
significant increase (p-value <0.01) in specific growth in the presence of the peptide (Figure 13) 
as well as a 2-fold increase in MIC (Figure 12) confirmed in three separate experiments.  It is 
important to note here that these clones were selected for increased growth, not for increased 
MIC or survival, which helps to explain the substantial different in improvement in growth 
relative to MIC.  
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Figure 13. Specific growth of selected clones in the presence (3 µg/ml) or absence of Bac8c. 
The work was done in triplicate in 96 well plates, and OD600 taken every half hour for eight 
hours (starting OD 0.1). Black bars indicate the specific growth of clones without Bac8c.  White 
bars indicate the specific growth of the clones in the presence of Bac8c at the IC50 (3 µg/ml) of 
control.  A student’s t-test (1-tailed) was preformed comparing each individual clone to the 
control after Bac8c exposure to determine p-value. 
3.3.2 Roles in Electron trafficking 
We assessed cross-resistance of each of our clones against compounds whose mechanism 
of action specifically involves electron trafficking (Table 1). Paraquat is a substrate that 
promotes electron relay.  Paraquat accepts electrons from cellular reducing agents such as 
NADH, and transfers them to molecular oxygen.  Both dioxygen (O2) and an electron source 
must be present for paraquat to elicit deleterious effects via ROS generation. It has also been 
shown that paraquat can inhibit NAD
+
 biosynthesis processes (Heitkamp and Brown 1981).  We 
found that our clones were all more sensitive to paraquat, suggesting that our clones either had 
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increased levels of NADH (or another suitable electron donor) or possibly an increased level of 
baseline ROS; as paraquat toxicity is known to be linked to the availability of an electron source 
(such as NADH) and O2. We then sought to discriminate between these possibilities; we tested 
the sensitivity of these clones to H202, an oxidizing agent, which should have the same effect as 
paraquat if our clones had elevated ROS. We found that none of these clones were more 
sensitive to H202, in fact all but appBC exhibited a small increase in resistance.  These results 
suggested that increased paraquat sensitivity was related to NAD
+
/NADH modulation rather than 
an increase in basal ROS levels.  
Toxic Agent Mode of Action control appBC lpd putA dhaKLM 
paraquat (mM) electron donor  100 20 20 40 40 
H202 (mM) hydroxyl radical  0.75 0.75 1 1 1 
CCCP (µM) uncoupler 25 50 50 50 50 
Table 1. The MIC for each compound was determined after 18 h incubation at 37°C.  Control 
(Mach-1 pSmart Empty vector), appBC (terminal oxidase), lpd (lipoamide dehydrogenase), putA 
(proline dehydrogenase), dhaKLM (dihydroxyacetone kinase). 
 
To further assess this possibility, we tested these clones against carbonyl cyanide m-
chlorophenyl hydrazone (CCCP), a chemical inhibitor of oxidative phosphorylation. CCCP acts 
as an ionophore that disrupts the proton gradient by carrying protons across the cytoplasmic 
membrane, which then uncouples proton pumping from ATP synthesis. We found that all clones 
were two-fold more resistant to CCCP.  Increase in CCCP resistance has previously been 
correlated with an ability to uncouple substrate from oxidative phosphorylation (Krulwich, Quirk 
et al. 1990).  In other words, clones with improved ability to utilize NADH or another electron 
source to generate energetic requirements via processes independent from oxidative 
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phosphorylation are resistant to CCCP, which thus supports and provides a finer level of detail to 
our hypothesis above.    
An alternative explanation of these results is that many of the reactions catalyzed by 
enzymes produced by these clones involve amino acids either as substrates or products of the 
reactions and that resistance is conferred simply by manipulating co-factor levels that may be 
targeted by Bac8c.  To test this alternative, we supplemented Bac8c MIC experiments with 1mM 
of the following amino acids: glycine (lpd), glutamate (appBC, putA, lpd), proline (putA), 
arginine (appBC) as well as arginine and glutamine.  We did not observe any increase in MIC 
through amino acid supplementation (data not shown).  Collectively, the cross-resistance studies 
suggest that each of clones commonly acts to confer Bac8c resistance through modulation of 
NAD
+
/NADH, yet do so through separate enzymatic mechanisms.  
3.3.3 NAD+/NADH 
We tested NAD
+
/NADH for the clones: appBC, dhaKLM, lpd and putA; in order to try to 
understand the relative effects of Bac8c.  We tested each clone as well as the control in the 
presence or absence of 12 µg/ml Bac8c (2-fold MIC of the control) after thirty minutes (Fig. 5).  
We choose a higher level of Bac8c concentration in order to see an effect on the clones, as they 
are 2-fold more resistant then the control, and thirty minutes showed the maximum change in 
NAD+ and NADH (data not shown). We show that the control cells without peptide addition 
exhibit an NAD
+ 
to NADH ratio consistent with aerobic growth (Singh, Lynch et al. 2009).  
After Bac8c addition this ratio is disrupted and there is an 8-10 fold decrease in both NAD
+
 and 
NADH (Figure 14).  Secondly, we see that all clones except appBC were able to maintain 
Dinucleotide concentrations more effectively then the control. It was interesting that dhaKLM 
redox balance during normal growth and after exposure to Bac8c was ~1.  Lastly, appBC was 
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unable to retain redox due to complete loss of NADH after exposured to Bac8c.  It is interesting 
that although NAD
+
 and NADH concentrations are very low (almost undetectable), this clone is 
able to recover from Bac8c insult.   
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B 
 Control appBC dhaklm putA lpd 
Ratio      
NAD+/NADH 1.59 1.63 1.16 1.54 1.54 
NAD+/NADH + Bac8c 1.88 N/A* 1.38 2.27 0.82 
      
Fold decrease in abundance after 
Bac8c treatment 
  
NAD+ 8.83 2.07 2.62 2.97 1.36 
NADH 10.45 N/A* 3.12 1.58 2.01 
* all NADH fell below detectable 
levels after Bac8c exposure 
  
Figure 14. NAD+/NADH determination. A)  E. coli grown in MOPS minimal media (OD600 
0.2) were exposed to 12 µg/ml Bac8c for 30 minutes, cells were concentrated by centrifugation 
and immediately frozen.  Extraction of dinucleotides from cells was preformed separately in 
Acid (NAD
+
) or Base (NADH).  NAD
+
 was used as a standard to quantify dinucleotide 
concentration.   B)  Table  2.  The fold decrease in dinucleotide concentration after Bac8c 
addition (ratio of dinucleotide before Bac8c:dinucleotide after Bac8c). 
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3.4 Discussion  
We designed a selection to select for clones resistant to Bac8c and exclude those 
phenotypes resulted in resistance through persistence, and biofilm formation.  The hypothesis 
was that if we selected for clones that were actively growing in the presence of Bac8c, these 
clones that were inherently resistance to Bac8c would out compete those that had a persistence 
phenotype or those that formed biofilms.   The selection gave us a diverse group of clones that 
had higher fitness and also were more resistant to Bac8c.  Classification of these clones became 
difficult as multiple genotypes, lead to resistance.  We found that by COG classification, the top 
hits of clones with higher fitness to Bac8c were in Defense, and in Energy Conversion and 
Metabolism. To explore this thinking further, we chose to study four different genes that affect 
energy metabolism in distinct ways.  
It has been observed often that bacteria made resistant to a specific antibiotic may 
develop new properties, including changes in sensitivity to other agents (Andersson and 
Hughes).  We therefore wanted to test our clones to a variety of antibiotics to better understand 
their resistance mechanisms. We tested antibiotics that:  alter membrane permeability, inhibit cell 
wall synthesis, and inhibit protein synthesis.  We found that our clones were neither more 
sensitivity nor more resistance to these classes of antibiotics (data not shown).  
Paraquat is the cause of two events that are have been shown to be independently toxic 
(Simons, Jackett et al. 1976).  One is the generation of ROS, and then other is the depletion of 
cellular reducing equivalents (i.e NADH, NADPH etc).  We found that the clones that were 
resistant to Bac8c were more sensitive to paraquat then the control (Table 1).  It was then 
important to understand if this sensitivity was related to ROS or the depletion of reducing agents 
within the cell.  We tested the resistance of these clones to H202, and found that none were more 
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sensitive.  We hypothesized that these clones all give resistance to Bac8c through modulation of 
redox cycling.   We next decided to test the resistance of these clones to the uncoupler CCCP.  
CCCP’s uncoupling action correlates with its ability to transport protons down their 
electrochemical gradient, which in turn, destroys the processes that link respiration, ATP 
synthesis and active transport.    Bacteria that are resistant to uncouplers may become so by 
excluding them, or are still sensitive to the effects yet have altered properties that allow 
bioenergetic work to proceed with low membrane potential (ΔΨ) (Krulwich, Quirk et al. 1990).  
We found that these clones were more resistant to CCCP and we became interested if they had 
properties that allowed bioenergetics to proceed in the presence of Bac8c.    
E. coli has evolved a modular respiratory chain that works to vary the bioenergetic 
efficiency of NADH oxidation (as measured by the H
+
/e
-
 ratio).  This intentional variation 
suggests that the optimal efficiency of NADH oxidation is not consistently set to the highest 
value of H
+
/e
- 
(Kita, Konishi et al. 1984).  Moreover, this efficiency is intrinsically related to the 
membrane potential generated in bacteria by the extrusion of protons coupled to oxidative 
reactions in the cell membrane (Stewart 1996).  Our clones were all more sensitive to paraquat 
which directly effects NADH oxidation, and more resistant to CCCP which actively uncouples 
the respiratory chain.  These two results suggest that overexpression of these particular ORFs 
effect redox cycling.  We then were interested in the redox states (NAD
+
 and NADH) of these 
particular clones in order to give us more insight into the mode of action of Bac8c, as well as 
their particular modes of resistance.   
We explored the effects of Bac8c on NAD+ and NADH concentrations within each cell 
before and after Bac8c addition, as well as the redox potential. We found that lpd, and putA, 
contained higher initial levels of internal NAD
+
 and NADH, and each were able to retain these 
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dinucleotides more efficiently at 12 µg/ml of Bac8c.  However, each clone’s redox response to 
Bac8c was converse (Figure 14).   This may not be surprising as lpd and putA catalyze 
considerably different reactions within the cell (Figure 12) however each transfer electrons 
through NAD
+
/NADH turnover.  lpd is part of multiple complexes that plays a part in functions 
at a critical commitment or regulatory step in metabolism, and one could speculate and its role in 
resistance to CCCP and Bac8c is directly associated with its ability to modulate bioenergetic 
efficiency (Bryk, Arango et al.).  putA’s role in resistance maybe less clear as it catalyzes L-
proline oxidation to L-glutamate.  We found that supplementation with proline or glutamate did 
not increase the MIC of Bac8c.   We therefore concluded that the products and reactants of this 
clone are not directly able to substantially modulate resistance.   
Secondly, it was interesting that dhaKLM redox balance during normal growth and after 
exposure to Bac8c was ~1.  This clone had lower levels of starting NAD
+
 total concentration 
then the control. After Bac8c exposure both NAD
+
 and NADH concentrations dropped, but 
redox within the cell did not change. Similar redox related mechanisms have been shown to aid 
in resistance to CCCP (Krulwich, Quirk et al. 1990), and this may be linked to its bioenergetic 
modulation for Bac8c resistance.  
Lastly, the clone appBC was most interesting in terms of NAD
+
 and NADH pools.  We 
found that appBC had almost two fold lower dinucleotide concentration compared to the control.  
These levels decreased farther after addition of Bac8c.    Sheppard et al. (2010) (Shepherd, 
Sanguinetti et al.) proposed that AppBC alleviates the accumulation of electrons in the quinone 
pool during respiratory stress via electroneutral ubiquinol oxidation.   They showed that E. coli 
could compensate for the loss of cytochrome bd-I activity (through knockout of cytochrome bd-
I) and that cytochrome bd-II-mediated quinol oxidation prevents the accumulation of NADH.  It 
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is possible that our overexpression clone functions as a dinucleotide sink, comparable to the 
work done by Sheppard et al.  This would be consistent with results describing decreased 
dinucleotide concentration, and decreased levels of NADH (Figure 14).   
We sought to connect two important concepts: (i) data suggesting that Bac8c disturbs 
energy metabolism when not fully disrupting the membrane and (ii) resistance to this Bac8c is 
hard to develop.  We were interested in how the central and complex nature of energy 
metabolism and the lack of a specific target would propagate low level resistance, yet no 
definitive higher level resistance was found (data not shown).   We explored this concept via 
SCALEs and these results also suggested energy metabolism.    We choose four clones to study 
in more depth, and we found that they all had effects on redox balancing and NAD+/NADH 
levels. We then focused our effort on learning about the mode of resistance of these clones.  The 
clones we examined had an increase in resistance to Bac8c, but were not more resistant/sensitive 
to other antibiotics.  This supports two hypotheses: (i) Bac8c does not function like conventional 
antibiotics, and (ii) the type of resistance studied here does not overlap with common antibiotics.  
However, we found that like other antimicrobials, bacteria made resistant to a specific agent may 
develop new properties, including changes in sensitivity to other agents.  We found that clones 
more resistant to Bac8c were more sensitive to paraquat, and more resistant to CCCP, identifying 
the inherent similarities of each clone. 
These results underline our prior results indicating that Bac8c likely has multiple 
intracellular targets.   In particular, our prior studies suggested that Bac8c has two modes for 
killing E. coli cells.  At sub-lethal concentrations Bac8c results in transient membrane 
destabilization and metabolic imbalances, which appeared to be linked to inhibition of 
respiratory function. At lethal concentrations, Bac8c substantially but incompletely depolarized 
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the cytoplasmic membrane and disrupted electron transport, followed by partial membrane 
permeabilization and cell death.  We believe that identification of targets/low level resistance 
mechanisms due to changes in redox potential provide some insight into how to design drugs that 
would be hard to develop resistance to.  Additionally, this beings a quest into learning more 
about new antimicrobial compounds that target complexes that have ability to affect many 
different processes or central processes through which resistance may evolve.  
  
   
     
clone start stop forward reverse 
appCB 1036502 1041449 CATGTACGTAACCCCGACG GTTCTGTTGGCACCAGCC 
dhaKLM 1246660 1250096 TCAGGATCGCACTAGCTGCATGA CATCCATGCCCTACCGTAATTGCT 
lpd 127647 129549 TATTAGCGAATAGACAAATCGGTTG GTCAGGTTTTTCGGGAGAAAGT 
putA* 1075007 1076687   
* original clone, picked from plate   
Table 2. Primers used in the study 
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CHAPTER FOUR 
4 GENOTYPES OF ANTIMICROBIAL PEPTIDE RESISTANCE 
 
Authorship: Spindler E.C 
         Gill, R.T.G.  
4.1 INTRODUCTION 
The Scalar Analysis of Library Enrichment method, SCALEs, is an effective method for 
identifying resistance mechanisms to variety of environmental stress conditions (Lynch, 
Warnecke et al. 2007).  Our results have shown an elaborate network of genes that allow 
resistance (biofilm formation, Multi-drug transporters, etc) in response to Bac8c. We selected for 
clones that identified with a wide variety of COGs, or GO groups, that had an increase in fitness. 
Previously we had shown that there is a phenotypic resistance to Bac8c that is energy dependent 
(chapter two and three).  In this chapter, we decided to look into if particular clones within these 
groups had an increase in resistance, and if this resistance stems from general stress mechanisms 
or if resistance is specific to Bac8c.  This work points to the possibility that Bac8c has multiple 
effects on the cell, that some types of resistance to Bac8c can be conserved amongst other 
antibiotics and that there are some resistance phenotypes specific to Bac8c.   
4.2 Materials and Methods 
4.2.1 Bacterial Strains, plasmids, and Media 
Wild-type Escherichia coli K12 (ATCC # 29425) was used for the preparation of 
genomic DNA.  Genomic libraries were constructed using the pSMART-LCKAN (Lucigen, 
Middleton, WI).  Libraries were introduced into Escherichia coli strain Mach1-T1
R
 (Invitrogen, 
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Carlsbad, CA.) for selections.  Mach1-T1
R
 containing pSMART-LCKAN empty vector were 
used for all control studies.  Growth curves were done in MOPS Minimal Medium with either 
0.1%Glucose or 0.1% Glycerol as the carbon source (Neiderhardt 1974).  Antibiotic 
concentration was 30 µg kanamycin/mL. 
4.2.2 Clone construction 
PCR was used to amplify the E. coli K12 genomic DNA corresponding to the clone of interest 
with primers designed to include promoter regions.  Ligation of the purified, fragmented DNA 
with the pSMART- kanamycin vectors was performed with the CloneSMART Kit (Lucigen, 
Middleton, WI) according to manufacturer’s instructions.  The ligation product was then 
transformed into electocompetent MACH1-T1® (Invitrogen, Carlsbad, CA), plated on LB + 
kanamycin, and incubated at 37°C for 24 hours.  To confirm the insertion of positive 
transformants, plasmids were isolated from clones using a Qiaprep Spin MiniPrep Kit from 
Qiagen (Valencia, CA) and sequenced (Operon).     
4.2.3 Specific Growth and Killing assays 
For growth rate determination, each clone was inoculated from a freezer stock, cultured in 5 mL 
LB with KAN and incubated overnight in a 15ml conical tube at 37
o
C with shaking. Each 
overnight culture was diluted with MOPS (KAN and 0.2% Glucose) to an A600=0.4 before 
inoculating growth flasks with 1-10% v/v inoculum (starting OD 0.100).  Flasks were incubated 
at 37
o
C with shaking and absorbance was monitored routinely. Triplicate blank vector control 
flasks were run in parallel for all growth experiments. Specific growth rate was calculated by 
determining the optimal fit of linear trend lines by analyzing the R
2
-value. For multiple clone 
experiments a 96 well polypropylene plate was used and 100µl samples were measured in 
triplicate every 30 minutes for 8 hours.  
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4.2.4 Minimum Inhibitory Concentration 
The minimum inhibitory concentration (MIC) was determined aerobically in a 96 well-plate 
format.  Overnight cultures of strains were grown in 5 mL LB (with antibiotic where 
appropriate).  A 1% (v/v) inoculum was introduced into a 15 ml culture of MOPS minimal 
media.  After the cells reached mid-exponential phase, the culture was diluted to an OD600 of 
0.500.  The cells were further diluted 1:1000 and a 90 µL aliquot was used to inoculate each well 
of a 96 well plate (~10
5
 cells per well).  The plate was arranged to measure the growth of 
variable strains or growth conditions in increasing BAC8C concentrations, 0 to 60 ug/ml, in 1-
fold increment.  The minimum inhibitory BAC8C concentration and maximum BAC8C 
concentration corresponding to visible cell growth was recorded after 24 hours.  (Franklin and 
Snow 1989) 
4.3 Results 
4.3.1 Selection for resistance clones 
 A repeated batch selection was performed in which the level of selective pressure (AMP 
concentration) decreases with each batch (as described in chapter three) and was designed based 
on work done previously in the lab under variable conditions (Tanya E. Warnecke and 
Sandoval).  This type of approach was used in order to decrease the clones selected in lag phase 
and increase the number of clones selected in log phase to ensure selection of clones that are 
actively growing in the presence of AMPs.  
4.3.2 Functional Classification of Genes involved in resistance 
Previously, we showed that COG functional classification of clones did not point to a 
specific functional category for Bac8c mediated resistance.  We went forward from here to look 
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at classification by different methods.  We focused on methods based on Gene Ontology. Gene 
Ontology is first classified by Cellular Component, then Molecular Function, followed by 
Biological Processes.  We were interested in finding significant Gene Ontology groups that were 
enriched, specifically in the final selected batch.  We first took the top 30 clones (fitness over 4), 
to determine if any particular group was enriched based on cumulative fitness (Figure 15  a-c). 
These data did not give a conclusive idea on a particular function that specifically was adding in 
resistance, suggesting that multiple processes within the cell can add in resistance. 
75 
 
 
Figure 15. GO terms from www.ecocyc.com were used to designate  (A) Cellular Component. 
(B) Biological Processes (C) Molecular Function for the top 30 clones from the final selection 
step (654/0). Each category is weighed by its cumulative fitness value. Secondly, the top ten 
percent of all clones found in the final batch were analyzed using the GOEAST program to find 
properties that were significantly enriched (by p-value) in (D) Cellular Component, (E) 
molecular function (F) Biological Processes 
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Secondly, we used the Gene Ontology Enrichment Analysis Software Toolkit (GOEAST) 
program.  GOEAST is web based software toolkit providing unbiased Gene Ontology (GO) 
analysis for high-throughput experimental results, in which the main function of GOEAST is to 
identify significantly enriched GO terms among a given lists of genes using accurate statistical 
methods.  To determine significant enrichment we used the top ten percent of the population 
identified as enriched from the final batch selection (Figure 15). We found that three specific GO 
functions with the highest significant enrichment (based on p-value and Log-olds ratio) were: 
rRNA binding (13/24), Structural molecular activity (17/77) and Glutamine family amino acid 
biosynthetic process (7/24). 
Additionally we did a parallel selection starting with a higher concentration of Bac8c (Figure 
16). In this selection we started with a concentration of 7 µg/ml (above the MIC), and decreased 
over four batches. In this selection we found that the three specific GO functions with the highest 
significant enrichment were: NAD
+ 
metabolic process (4/8), Type II protein secretion complex 
(6/12), and rRNA binding (12/24). In each of these categories half of the genes in each group 
were represented.  
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Figure 16. The top ten percent of all clones found in the final batch of the second selection 
(7654) were analyzed using the GOEAST program to find properties that were significantly 
enriched (by p-value) in (A) cellular component, (B) molecular function (C) biological 
processes. 
 
We then used these properties to confirm these functions as resistance mechanisms in 
E.coli.   In both selections, the highest enrichment we saw was with the ribosomal subunits.  We 
looking at the raw data we found that within the top ten percent, the highest fit clone, 
corresponded to a large clone with several ribosomal genes (rpsG, rpsL, fusA) Additionally, 
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through the analysis of COG groups and the GO functions we found that those genes involved in 
energy production and conversion (COG), which corresponded to pathways involved in the GO 
functions of ATP production, and NAD
+
 metabolism were enriched in fitness, and had 
significance through analysis by GOEAST.  We started to identify these functions as resistance 
mechanisms by first selecting clones of interested based on function or simply by those that had 
high fitness values in the last selection.  
4.3.3 Confirmation of resistance   
Twenty one clones identified through SCALEs determined to be significantly enriched 
were picked at random to separately confirmed an increase in resistance to Bac8c either through 
an increase in specific growth in the presence of the peptide, or through at increase in MIC.  We 
found that of these clones 14 of the 21 tested had an increase in growth rate compared to the 
control at 3 µg/ml Bac8c (sub-lethal, and approx. 50% growth inhibition of the control) (Figure 
17).   Of the 21, three clones (fusA-tufA, yicJ, and putA) actually showed an increase in growth in 
the presence of the peptide.  We also tested each clone for an increase in MIC.  We found from 
those clones tested 7 clones: flhCD, mtn-pfs, yajO, zur, fabB, priB, alpA did not give an increase 
in MIC, and found that no clones gave and greater than a 2-fold increase in MIC.  Two clones 
had variable resistance. The clone yajO showed an increase in specific growth in the presence of 
the peptide, and the clone pqiAB showed an increase in MIC.  Otherwise, it was consistent that if 
the clone did not show an increase in MIC, it also did not show an increase in specific growth 
compared the control for Bac8c.  It is however interesting that many of the clones that were not 
more resistant, showed a slower growth phenotype then the control, with or without the peptide.
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4.3.4 Cross-resistance   
NAD
+
 biosynthesis was a significant pathway involved in resistance to Bac8c.  It has 
been shown that hybaric oxygen, and paraquat are known to inhibit NAD
+
 biosythesis in E.coli 
(Heitkamp and Brown 1981).  We were therefore interested in the effects of paraquat on the 
individual clones as well as H202.  Both agents generate free radicals but by different 
mechanisms.  Paraquat toxicity is dependent upon cycles of intracellular reduction and 
autooxidation, which then causes the production of O2
-
 and secondarily H2O2 (Simons, Jackett et 
Figure 17. Growth of SCALEs selected clones. The specific growth of clones grown in 
96 well plates and the OD600 taken every half hour for eight hours. Black bars indicate the 
specific growth of clones without the presence of Bac8c.  White bars indicate the specific 
growth of the clones in the presence of Bac8c at the IC50 of control (3 µg/ml).  rpsLG-
fusA, putA and yicJ have an increased growth rate then their control in the presence of 
Bac8c at the IC50. 
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al. 1976). H2O2 is an oxidant, and generates of O2
-
, through the interaction with cellular 
components. We first tested the effects of paraquat toxicity on these clones (Table 2).  We found 
that the majority of these clones were more sensitive to paraquat, in which were discussed in 
detail in chapter three.  Only two clones tested, treB and rpsLG-fusA did not have an increase in 
sensitivity compared to the control.  We then were interested in H202 had the same effect. We 
found that many of the clones resistant to Bac8c are also resistant to H202. The only clone we 
found that did not have an increase in MIC was appBC.  More detailed work on these 
mechanisms is illustrated in chapter three.  
We were then interested resistance to Bac8c overlapped with any antibiotics that were 
known to: alter membrane permeability (polymyxin B and gramicidin), inhibit cell wall synthesis 
(vancomycin and carbenicillin), or inhibit protein synthesis (streptomycin) (table 1).  We found 
that one clone (treB), was resistant to a variety of antibiotics tested: vancomycin, and gramicidin. 
Additionally, treB not more resistant to carbenicillin, then the control, a third antibiotic that 
effects cell wall synthesis.  
Secondly the clone, rpsLG-fusA was found to be more sensitive to streptomycin.  The 
literature has shown that mutations in this gene allow for resistance specifically to fusidic acid. 
However, its resistance has been shown to cause a fitness decrease and its sensitivity to other 
antibiotics has been documented before in Samonella (Andersson and Hughes 2010). 
We then tested our clones against the parent peptide of Bac8c (Bac2A), and two additional 
peptides that were synthesized from Bac2A (K24, and sub3) (Table 2). Several clones were also 
resistant to either/both sub3 and K24.  The clones lpd, treB, yajO, rpsLG-fusA, and yicJ were 
resistant to sub3, and the clones appBC, lpd, treB, yajO, and rpsLG-fusA were resistant to K24.  
Suprisingly, may clones that are resistant to Bac8c are not resistant to the parent peptide Bac2A.  
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We found that only treB, and rpsLG-fusA were resistant to the parent peptide.   Lastly, we tested 
resistance of the clones to heat shock to determine if the mechanism of action of these particular 
clones is a general stress response (data not shown).  Only clones yicJ, and rpsLG-fusA were 
resistant to heat shock.  Interestingly, of all clones tested these two clones are the only ones that 
are expressed through sigma 24 (heat shock sigma factor).  
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Antibiotic         
 control appBC lpd treBC yajO putA rpsLG-
fusA 
yicJ 
 pSmart empty 
Vector 
alternative 
terminal 
oxidase 
lipoamide 
dehydrog
enase 
trehalose 
PTS 
permease 
putative 
NAD(P)
H-
dependen
t xylose 
reductase  
proline 
dehydrog
enase 
elongatio
n factor 
EF-Tu 
galactose-pentose-
hexuronide 
transporters  
paraquat 
(mM) 
100 20 20 100 5 40 100 60 
H202 (mM) 0.75 0.75 1 1 1 1 1 1 
CCCP 25 50 50 N/A 50 50 N/A N/A 
          
polymyxin B 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 
vancomycin <8 <8 <8 >16 <8 <8 <8 <8 
carbenicillin 2 4 4 2 4 4 2 2 
gramicidin <8 <8 <8 32 <8 <8 <8 <8 
streptomycin 64 64 64 64 64 64 32 64 
         
Bac2A 8 8 8 64 8 8 64 8 
sub3 4 4 8 8 8 4 8 8 
K24 4 8 8 8 8 4 8 4 
Table 2. MIC for selected clones against antibiotics with known function, and related AMPs.  
 
4.3.5 NAD+/NADH  
Heitkamp and Brown found that supplementation with amino acids involved in NAD
+
 
biosynthesis gave resistance to paraquat (Heitkamp and Brown 1981).  We were interested how 
this would affect resistance to Bac8c.  Aspartic acid and glutamine play main roles in NAD
+
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biosynthesis. We found that we saw an increase in resistance with these supplementations with 
the clones treBC, and rpsLG-fusA (data not shown).  
We then looked how aspartic acid and glutamine supplementation affected specific 
growth at sub-MIC concentrations of Bac8c.  We found that these supplements increased growth 
rate in all clones, as well and the control in the presence or absence of Bac8c and that a specific 
pattern (such as an increase in sensitivity, or resistance) could not be determined (data not 
shown).  
We have previously shown a relationship between resistance to Bac8c, electron transport, 
and PMF generation (chapter two and three). E. coli has evolved a modular respiratory chain that 
works to vary the bioenergetic efficiency of NADH oxidation (as measured by the H
+
/e- ratio). 
The ability of bacteria to modulate the respiratory chain can also allow for resistance to a number 
of antibiotics by limiting transport, enabling persistence, and resulting in biofilm formation 
(Andersson 2003).Our clones show a variable effect with those compounds (paraquat, H202) that 
effects these processes and therefore we wanted to determine the effects Bac8c had on 
respiration, and dinucleotide concentrations.  
We tested NAD
+
/NADH at the same timepoint in order to try to understand the relative 
effects of Bac8c.  We tested each clone in the presence or absence of 12µg/ml Bac8c (2-fold 
MIC of the control) (Table 3) after thirty minutes. From the clones tested we observed trends that 
result in cell survival. The control without peptide carries a higher NAD
+ 
to NADH ratio 
consistent with aerobic growth.  After Bac8c addition, this ratio is disrupted, and both NAD
+
 and 
NADH are depleted to almost undetectable levels.  
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We discussed in detail in chapter three clones: lpd, putA,  appBC, and dhaKLM. Below we 
discuss the responses to Bac8c by the clones yajO, yicJ, treB and rpsLG-fusA all of which are 
summarized in Table 3: 
yajO.  Although growth rate of this not less then the control, there is decrease in available 
NAD
+
, and NADH compared to the control, without addition of Bac8c. This phenotype is similar 
to that of appBC.  YajO, is a putative NAD(P)H-dependent xylose reductase.  It is similar to the 
AKR7 family of aldo-keto reductases. Overexpression of YajO from a multicopy plasmid leads 
to resistance to the HMP (4-amino-2-methyl-5-hydroxymethylpyrimidine) analog bacimethrin. 
The resistance mechanism is undetermined, but does not involve biosynthesis of HMP (Lawhorn, 
Gerdes et al. 2004).   
rpsLG-fusA, treB, and yicJ.  The clones rpsLG-fusA, treB, and yicJ although have the same 
profile, they seem to function differently the rest. rpsLG-fusA makes up the elongation factor, Ef-
Tu,  treB is part of the trehalose PTS permease, and yicJ (putative GPH transporter) has 
unknown function, yet is proposed to be a proton or other ion driven symporter. These clones 
have a disrupted redox, and elevated levels of NADH compared to the control.  However, their 
proposed functions within the cell do not modulate or use NAD
+
 or NADH as a substrate. 
Interpretation of their resistance based on NAD+/NADH is indirect from their function, and their 
mode of resistance is beyond the scope of this study.  
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Clone name Bac8c  (12 µg/ml) Dinucleotide concentration (µM) per 1X10
7
 cells/mL 
    NAD
+
   NADH   
Control absent 0.780 ±0.062 0.522 ±0.051 
 present 0.094 ±0.036 0.050 ±0.082 
yajO absent 0.367 ±0.069 0.185 ±0.049 
 present 0.141 ±0.060 0.029 ±0.114 
yicJ absent 1.171 ±0.222 0.594 ±0.094 
 present 0.296 ±0.091 0.329 ±0.112 
rpsLG-fusA absent 1.180 ±0.017 0.688 ±0.142 
 present 0.793 ±0.175 0.436 ±0.294 
treB absent 0.752 ±0.234 0.375 ±0.054 
  present 0.371 ±0.181 0.348 ±0.024 
Table 3. NAD
+
 and NADH concentrations before and after Bac8c treatment.  
 
4.4 Discussion 
AMPs are useful because they are believed to have either a plurality of mechanisms or to 
target processes that cannot be modified by a single genetic change (i.e. membrane stability) and 
therefore resistance to them is hard to develop.   We show that at sub-lethal concentrations, we 
can select for a variety of ways to get resistance, which presumably could lead to higher level of 
resistance through horizontal or vertical transfer in natural populations. This low-level stepping 
stone model of resistance evolution has been previously described (Herring, Raghunathan et al. 
2006), but little is known about the actual gene(s) through which these events might occur.  
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4.4.1 Functional Classification of Genes involved in resistance   
 High throughput experimental results are only as valuable as your ability to interpret 
them.  We tried several methods in order to classify genes that were involved in resistance to 
Bac8c: Classification by Orthogal Groups (COG), and Gene Ontology (GO).   Each 
classification method did not give us a direct answer to the methods of resistance to Bac8c.    We 
therefore turned to the program GOEAST in order weight certain functions based on 
significance.  We did however find basis in this program that weights clones with multiple genes 
within one operon, such as ribosomal proteins, and therefore significance  (by p-value or log-
odds) of clones is pushed towards those clones with multiple genes.    
4.4.2 Confirmation of resistance 
We choose to test several clones that were found in pathways with significance as well as 
those with high fitness values (Figure 17).  Clones that were confirmed to have resistance to 
Bac8c that were part of the cellular component (ribosome) were: rpsLG-fusA, and priB,prlI,rpsF, 
rpsR.  We found that rpsLG-FusA was resistant to 2-fold the MIC of the control strain, and 
showed an increase in growth rate compared to the control at sub-MIC concentrations of Bac8c.  
priB however exhibited a extremely slow growth rate, and did not increase MIC compared to the 
control.  Additionally we tested the clone nadE (part of both NAD+ biosynthetic processes and 
salvage pathways) we and found it to have resistance to sub-MIC concentrations of Bac8c, but 
did not have an increase in MIC.  
Secondly, we picked a variety of clones belonging to different GO processes that had 
high fitness values (W > 4). Of these clones, we confirmed that 14 of the 22 clones tested 
exhibited resistance to Bac8c either through an increase in MIC or by lack of growth inhibition at 
sub-MIC concentrations. Of those clones that exhibited no increase in resistance (flhCD, priB, 
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alpA, zur, fabB, and xdhD), we found they had a slow growth phenotype.  We believe that this 
type of resistance was selected for because of the nature of Bac8c killing.  As we have shown 
previously (chapter two and three), Bac8c is reliant on actively growing cells and targets cells 
that may have a higher PMF (more electronegative).  In a diverse population those cells that are 
not actively growing (persistors) may have a selective advantage, and can escape killing by 
Bac8c.   
4.4.3 Cross-resistance 
 By testing a variety of conditions and antibiotic we able to conclude that clones fell into 
two classes of resistance that could be distinguished by their sensitivity to paraquat.   Paraquat is 
a substrate that promotes electron relay and can be reduced by cellular NADPH and NADH.  
Both Dioxygen and electrons must be present for paraquat to elicit deleterious effects. It has been 
shown that paraquat can inhibit NAD
+
 biosynthesis processes (Heitkamp and Brown 1981).  We 
hypothesize that there are two classes of Bac8c resistance: Class one (paraquat sensitive) were 
clones that involved in processes that used NAD
+
/ NADH, or NADP
+
/NADPH (table 1): appBC, 
lpd, yajO, putA, dhaKLM, motA, flhCD.  The second class was not paraquat sensitive and may 
involve a more general stress response in resistance: rpsLG-fusA and treB.  
 We then tested these clones in response to the hydrogen peroxide.    We found that many 
of our clones were more sensitive to paraquat, suggesting that either our clones had increased 
levels of NADH (or another suitable electron donor) or ROS. To discriminate between these 
possibilities, we tested the sensitivity of these clones to H202, an oxidizing agent, which should 
have the same effect as paraquat if our clones had elevated ROS. We found that none of these 
clones were more sensitive to H202 
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We then tested these clones against any antibiotics that were known to: alter membrane 
permeability (polymyxin B and gramicidin), inhibit cell wall synthesis (vancomycin and 
carbenicillin), or inhibit protein synthesis (streptomycin) (table 1).   We found that no clones in 
the first class (paraquat sensitive), were resistance to any other antibiotic.  Only treB was 
resistant to vancomycin, and gramicidin. Both compounds act in different manners on the cell 
wall, and it is possible to speculate that treB may have some role in membrane permeability. 
Interestingly treB was also sensitive to carbenicillin. It has been shown that this transporter 
(treB) decreases in gene expression in response to carbenicillin and ofloxicin (Kaldalu, Mei et al. 
2004).  It is possible that its overexpression, may increase carbenicillin transport.  
We tested these clones for resistance to the parent peptide, and to sister peptides to 
Bac8c.  Clones were resistant to sub3: lpd, yajO, rpsLG-fusA, and yicJ.  The clones appBC, lpd, 
treB, yajO, and rpsLG-fusA were resistant to K24.  Surprisingly, many clones that are resistant to 
Bac8c are not resistant to the parent peptide Bac2A.  We found that only treB, and rpsLG-fusA 
were resistant to the parent peptide.  This suggests that the mode of action of the parent peptide 
is different than that of Bac8c or the sister peptides (K24 and sub3).  
Lastly, we used the properties found in GOEAST, NAD
+
 biosynthesis (addition of 
Glutamine and Aspartic acid), and Ethanolamine and derivative process (Betaine and trehalose) 
to choose which compounds may add in resistance to Bac8c (data not shown). We found that 
only treB and rpsLG-fusA were able to increase MIC above their levels without supplementation. 
Which may suggest that their mode of resistance is not synergistic to these pathways. 
Additionally, we supplemented with the osmo-protectants, betaine and trehalose.  rpsLG-fusA 
was the only clone to show an increase in resistance with the addition of betaine. 
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The clones rpsLG-fusA and treB were the only two tested that had some cross resistance 
to different antibiotics. When looking back to the literature we found that rpsLG-fusA contains 
genes that have been identified as genes involved in resistance to antibiotics Streptomycin, and 
Fusidic acid. In these cases, the modes of resistance have arisen through chromosomal mutation, 
rather than overexpression.  The resistance to Streptomycin has been called “epistatic” in 
Salmonella and this mutation has allowed bacteria to grow faster in media lacking carbon 
sources.  In the case of resistance to fusidic acid, the gene fusA alters the levels of the 
transcriptional regulator guanosine tetraphosphate (ppGpp), and can allow for hypersensitivity to 
difference antibiotics such as streptomycin, and hydrogen peroxide. We found that the clone 
rpsLG-fusA was not sensitive to hydrogen peroxide, but did show sensitivity to streptomycin 
(table 1).  Testing of fusidic acid resistance was not possible as the KAN
R 
cassette
 
allowed for 
cross resistance to fusidic acid (data not shown).  
The clone treB is part of the trehalose PTS permease system that is normally induced when 
trehalose is present in the medium, provided that osmolarity is low.   It is responsible for using 
the PTS system to convert trehalose to trehalose-6-phophate to be used as a carbon source. 
Understanding its role in antibiotic resistance has not been elucidated.  
4.5 Future directions 
To accurately determine the mode of resistance to Bac8c by many of these clones one 
would have to determine the more specifically how each the increased copy number, changes 
over all gene over-expression in the presence or absence of Bac8c. This work could be 
accomplished through transcriptional profiling, or individually tested by QT-PCR.  This data 
could then be used to interpret a more general mode of resistance to AMPs, if general stress 
response pathways were shown to be up-regulated when an increase in copy number of any of 
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these clones was present. This work would expand on the networks in gene regulation already 
established through other antibiotics.  
Secondly, more work could be done to specifically identify how these clones affect cellular 
functions, such as PMF.  Preliminary work done to show changes in PMF using DiSCO(3)2 (as in 
chapter one) was inconclusive.  Small variations in PMF could not be statistically determined, 
through this method. Although methods exist for PMF determination, through the radiolabelling 
weak acids, it was beyond the scope of this work to begin classification of the PMF of each of 
these clones.  Instead, we used agents that modulate PMF (as in chapter two and three), to 
indirectly show its relevance in AMP mode of action.   
Lastly, the clones treB and rpsLG-fusA have not been characterized in detail in resistance 
to AMPs.  We show here that both clones are resistant to the parent peptide of Bac8c (Bac2A), as 
well as other antibiotics.  Their function alone does not allow one to interpret much as to their 
functions in resistance, and much work could be dedicated to each clone individually. However, 
their resistance mechanism(s) seems to be the most universal (to multiple antibiotics) and of all 
clones tested their modes of resistance would be the most interesting to follow up on.  
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5.1 Introduction  
Neutrophils are an essential component of the acute inflammatory response.   They are 
the first cells recruited from the bloodstream to sites of infection (Reeves, Lu et al. 2002).  
Neutrophils are generated from the pluripotent haematopoetic stems cells in the bone marrow. 
They have multi-lobed nuclei and abundant granules in the cytoplasm that contain antimicrobial 
peptides and other host-defense molecules (Zychlinsky and Sansonetti 1994).  On encountering 
bacteria in the bloodstream, neutrophils engulf these microbes into the phagosome, which fuses 
with intracellular granules and discharge their contents to form a phagoslysosome. The bacteria 
are most often killed after exposure to enzymes, antimicrobial peptides and reactive oxygen 
species
 
(Brinkmann and Zychlinsky 2007).  
When the phagolysosome is formed the neutrophil releases granule proteins and 
chromatin. Together, these components form fibers called neutrophil extracellular traps (NETs).  
The presence of microbes induces NET release and NETs can sufficiently bind and kill bacteria. 
Interestingly, the major components of NETs are found to be DNA and associated Histones (H1, 
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H2A, H2B, H3 and H4) (Brinkmann and Zychlinsky 2007; Fuchs, Abed et al. 2007; Urban and 
Zychlinsky 2007).  
From investigations of the biochemical components of tissue that may exert antimicrobial 
effects, it has been observed that histone manifests impressive bactericidal activity (Hirsch 
1958). We were interested in understanding the mechanisms behind how microbes can evolve to 
evade killing by NETs, in particular, killing by histones.  We used a method that identifies genes 
associated with fitness, SCALEs.  In this chapter, fitness is defined as the ability for a pathogen 
to adapt and to evade host defense systems, specifically histone. I discuss here the use of a high-
through-put genomics approach to understanding the mode of action of histone killing, and what 
bacterial phenotypes aid in resistance to histone and AMP killing in general.   We were 
interested in the main mechanisms of histone resistance, as those genes/operons that aid in 
resistant to histone killing might play a part in those pathogens that are able to avoid killing by 
NETs.  We used SCALEs to identify two main components in colanic acid biosynthesis that 
allowed for resistance to histone-mediated killing.  The main clones of interest were: fragment 1: 
wcaI/cpsB/cpsG/wcaJ  and  fragment 2: wzc/wcaA.   
5.2  Materials and Methods  
5.2.1 Bacteria, plasmids, and materials.  
 E. coli strain Mach1-T1
R
 (Invitrogen, Carlsbad, CA.) wild-type W strain (ATCC #9637, S. A. 
Waksman)  Mach1-T1
R 
F
- 
φ80(lacZ)ΔM15 ΔlacX74 hsdR(r
K
-
m
K
+
) ΔrecA1398 endA1 tonA 
containing pSMART-LCKAN empty vector were used for all control studies.  Overnight cultures 
were grown in Luria Bertani (LB) medium.  Growth curves were carried out in Hanks' buffered 
saline solution, 1% BSA, 50 mmol/L HEPES pH 7.4 (HAH) buffer (18).  For all experiments 
93 
 
that required antibiotic to maintain the vector, kanamycin (KAN) was used at 30 µg/ml.  Bac8c 
was synthesized by N-(9-fluorenyl)methoxy carbonyl chemistry from GenScript Corporation 
(Piscataway, NJ). 
5.2.2 Genomic Library Construction 
The genomic library was constructed by Drs Tanya Warnecke, and Michael Lynch and was 
prepared previously as in (Lynch, Warnecke et al. 2007).   
5.2.3 Transformation of Library DNA 
Purified plasmid DNA from each library was introduced into MACH-1
TM
-T1
®
 (Invitrogen) by 
electroporation. MACH-1
TM
-T1
®
 cultures were made electrocompetent by a standard glycerol 
wash procedure on ice to a final concentration of 10
11
cells/ml (Sambrook J. 1989).  1/1000 
volume of the original transformations was plated on LB+KAN in triplicate to determine 
transformation efficiency and adequate transformant numbers (>10
6
). The original cultures were 
combined and diluted to 100 ml with HAH buffer + KAN and incubated at 37°C for 6 hours or 
until reaching an OD600 of 0.20. 
5.2.4 Selection 
A repeated batch selection was performed in which the level of selective pressure (AMP 
concentration – 25 µg/ml) remained constant with each batch, and was designed based on work 
done previously in the lab under variable conditions (Lynch, Warnecke et al. 2007; Bonomo, 
Lynch et al. 2008; Warnecke, Lynch et al. 2008). Selection was performed in HAH buffer 
(without magnesium and calcium chloride). Recovery media was LB +MNase.  Mnase was 
inactivated by adding EDTA at 0.5M before each successive selection.  The newly transformed 
library (from above) was first diluted to an OD600 of 0.1.  An aliquot of cells (1 ml of 10
7 
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cells/ml) were plated at time zero. Selected populations were plated on LB +KAN, and colonies 
were harvested after 24 h by gently scraping the plates into TB medium. The cultures were 
immediately resuspended by vortexing, and aliquoted into 15-1 mL freezerstock cultures with a 
final glycerol concentration of 15 %v/v (Sambrook J. 1989).The remainder of the culture was 
pelleted by centrifugation for 15 minutes at 3000 rpm. Plasmid DNA was extracted according to 
the manufacturer’s instructions using a HiSpeed Plasmid Midi Kit (Qiagen).  To confirm insert 
sizes and positive transformant numbers, plasmids were isolated from random clones for each 
library size using Qiaprep Spin MiniPrep Kit (Qiagen).  Purified plasmids were then analyzed by 
either PCR or restriction digestion. PCR was performed using the SL1 (5’-CAG TCC AGT TAC 
GCT GGA GTC-3’), and SR2 (5'-GGT CAG GTA TGA TTT AA A TGG TCA GT) primers.   
5.2.5 DNA Microarrays 
For each array, 3 µg of sample plasmid DNA was mixed with the following control 
plasmid DNA: 1000 ng pGIBS-DAP (ATCC#87486), 100 ng pGIBS-THR (ATCC# 87484), 10 
ng pGIBS-TRP (ATCC# 87485) and 1ng pGIBS-PHE (ATCC# 87483). The plasmid mixture 
was digested at 37°C overnight with 1 unit each of AluI and RsaI (Invitrogen) in a reaction 
containing 50 mM Tris-HCl (pH 8.0), and 10 mM MgCl2.  Reactions were heat inactivated at 
70°C for 15 minutes. 10X One Phor All Buffer (Amersham Pharmacia Biotech, Piscataway, NJ) 
was added to the digestions to a final 1X concentration. 1 uL RQDNAse I (Fisher) was added to 
the reactions and incubated at 37°C for 2 min followed by heat inactivation at 98°C for 20 min.  
1 uL of Exonuclease III (Fisher) was added to the reactions and incubated at 37°C for 15 min 
followed by heat inactivation at 98°C for 20 min. The resulting fragmented single stranded DNA 
was then labeled with biotinylated ddUTP using the Enzo BioArray™ Terminal Labeling Kit 
(ENZO Life Sciences, Farmingdale, NY) following the manufacturers’ protocol. Affymetrix E. 
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Coli Antisense GeneChip® arrays (Affymetrix, Santa Clara, CA) were handled at the University 
of Colorado DNA Microarray Facility according to manufacturer’s specifications using a 
GeneChip® Hybridization oven,GeneChip® Fluidics Station, GeneArray® scanner and 
GeneChip® Operating Software 1.1 (Affymetrix). 
5.2.6 Microarray Data Analysis 
Data analysis was completed by utilizing SCALEs software developed by Lynch et al. 
according to author’s instructions (Lynch, Warnecke et al. 2007). This method is described in 
more detail in chapter three and four.  
5.2.7 Specific Growth and Killing assays  
For growth rate determination, each clone was inoculated from an -80ºC stock, cultured in 
5 ml LB with KAN and incubated overnight in a 15 ml conical tube at 37ºC with shaking. Each 
overnight culture was diluted HAH buffer to an OD600 0.4 before inoculating conical tubes with 
1-10% v/v inoculum (starting OD600 0.1). 15 ml conical tubes were incubated at 37
o
C with 
shaking and absorbance was monitored routinely. Triplicate blank vector control flasks were run 
in parallel for all growth experiments. For multiple clone experiments a 96 well polypropylene 
plate was used and 100µl samples were measured in triplicate every 30 minutes for 8-10 hours.  
Specific growth rate was calculated by determining the optimal fit of linear trend lines by 
analyzing the R
2
-value.  
5.3 Results 
5.3.1 Selection design  
E. coli K12 genomic libraries of defined sizes was created.  The insert sizes ranged from 
1, 2, 4, and 8 Kbp in length and each library contained as least 10
6
 clones.  We used a pSmart-
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LC-KAN vector for propagation of the library in the MACH-1 strain of E.coli.  We selected for 
resistance to 25 µg/ml of histone (99% MBC).  A batch selection was preformed with three (3) 
cycles of 3 hours selection followed by 2 hours recovery. At the end of each cycle, plasmids 
were collected (Figure 18).  In this selection we saw by the final batch the library was able to 
grow in the presence of histone.  
 
Figure 18.  Selection Design.  The selection was done with 25 µg/ml histone.  The library was 
able to grow without inhibition in the presence of histone, by the third selected batch.  
 
5.3.2 Histone resistance 
Clones picked directly from LB+KAN plates after recovery from selection, were tested 
individually for resistance to 10, 25, and 100 µg/ml histone (Figure 19). We found that 8-10 
clones were more resistance up to 100 µg/ml.  The clones with resistance were later sequenced 
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and identified to all contain the insert: wcaI/cpsB/cpsG/wcaJ. Two clones were mildly resistant 
to histone were found to contain the insert recA/recX.  
 
Figure 19. Growth Curves of Selected Clones show an increase in growth in the presence of up 
to 100 µg/ml (red) Histone. 0 µg/ml (blue), 25 µg/ml (pink), 50 µg/ml (orange)  A) Control B) 
wcaI/cpsB/cpsG/wcaJ 
5.3.3 SCALEs results  
The final batch selection informed us that the only 8 individual clones had a positive 
fitness increase in the final batch selection (Figure 20).  When the final batch is plotted in a circle 
plot (Figure 21), the abundance of the clone wcaI/cpsB/cpsG/wcaJ can be visualized.  Other 
clones with fitness increase correspond to: priA/cytR, mcrC, ompT/appY, asmA, bdm, dctR, rarD, 
and yjfP.   
 
 
 
A B 
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Figure 20. Histogram.  This is a histogram of the non-duplicate genes from the final selected 
batch population displaying the relative fitness of the population.  Only 8 clones were found in 
the final selection to have an increase in fitness over the control.  
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Figure 21. Circle Plot. A genome-wide plot of the multi-scale analysis of the fitness of the final 
batch culture over the control culture (time 0).  For each batch, the fitness for each 125-bp 
position is plotted around the genome for each scale referred to in the legend. Minutes 
correspond to E. coli genome, plotted clockwise around the circle.  Inserts with high fitness 
values are labeled. 
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Figure 22. Gene Linkage.  Network of protein encoding genes from SCALEs selection 
(final batch SL3) with positive fitness values.  These proteins cluster based on 
neighborhood, concurrence, and experimental data and are associated with biofilm 
formation and colanic acid biosynthesis. Clustering was done using the string database 
http://string-db.org/.  
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5.3.4 All Genes with non-negative fitness values 
Below a list of all genes found in the last selection that had non-negative fitness values:  
 
appY HTH-type transcriptional regulator appY; Induces the synthesis of acid phosphatase 
(appA) and several other polypeptides (such as appBC) during the deceleration phase of growth. 
It also acts as a transcriptional repressor for one group of proteins that are synthesized 
preferentially in exponential growth and for one group synthesized only in the stationary phase. 
Also involved in the stabilization of the sigma stress factor rpoS during stress conditions  
 ompT Outer membrane protease VII (Outer membrane protein 3b); Protease that can cleave T7 
RNA polymerase, ferric enterobactin receptor protein (FEP), antimicrobial peptide protamine 
and other proteins. This protease has a specificity for paired basic residues   
 envY Porin thermoregulatory protein envY; Influences the temperature-dependent expression of 
several E.coli envelope proteins, most notably the porins ompF and ompC and the lambda 
receptor, lamB   
 nfrA Bacteriophage N4 receptor, outer membrane subunit; Required for bacteriophage N4 
adsorption. Serves as the phage receptor   
 sra Stationary-phase-induced ribosome-associated protein; Although this protein associates with 
the 30S subunit of the ribosome it is not considered to be a bona fide ribosomal protein. It is not 
essential for bacterial growth  
 bdm biofilm-dependent modulation protein  
 wcaJ Putative colanic biosynthesis UDP-glucose lipid carrier transferase  
 cpsG Mannose-1-phosphate guanyltransferase; Involved in the biosynthesis of the capsular 
polysaccharide colanic acid  
 cpsB Mannose-1-phosphate guanylyltransferase; Involved in the biosynthesis of the capsular 
polysaccharide colanic acid  
 wcaI predicted glycosyl transferase  
 wcaA predicted glycosyl transferase  
 wzc Tyrosine-protein kinase wzc; Required for the extracellular polysaccharide colanic acid 
synthesis. The autophosphorylated form is inactive. Probably involved in the export of colanic 
acid from the cell to medium. Phosphorylates udg   
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 asmA Putative inner membrane protein involved in outer membrane protein assembly; Involved 
in the inhibition of assembly of mutant ompF proteins. In general, could be involved in the 
assembly of outer membrane proteins  
 dcd 2'-deoxycytidine 5'-triphosphate deaminase  
 menF Menaquinone-specific isochorismate synthase  
 dctR Putative DNA-binding transcriptional regulator; May act as a transcriptional regulator of 
dctA  
 yhiD predicted Mg(2+) transport ATPase inner membrane protein   
 cytR HTH-type transcriptional repressor cytR; This protein negatively controls the transcription 
initiation of genes such as deoCABD, udp, and cdd encoding catabolizing enzymes and nupC, 
nupG, and tsx encoding transporting and pore-forming proteins. Binds cytidine and adenosine as 
effectors  
 priA Primosome factor n' (Replication factor Y); Recognizes a specific hairpin sequence on 
phiX ssDNA. This structure is then recognized and bound by proteins priB and priC. Formation 
of the primosome proceeds with the subsequent actions of dnaB, dnaC, dnaT and primase. PriA 
then functions as a helicase within the primosome  
 xylE D-xylose-proton symporter; Uptake of D-xylose across the boundary membrane with the 
concomitant transport of protons into the cell (symport system)  
 mcrC Protein mcrC; Modifies the specificity of mcrB restriction by expanding the range of 
modified sequences restricted. Does not bind to DNA  
 
5.3.5 Conserved Domains   
 
It was of interested to determine if the genes found in the E. coli selection were also 
homologous to genes (proteins) found in pathogenic bacteria.  Those genes that are connected 
based on neighborhood in the gene linkeage map (Figure 22), are known to be within close 
proximity across >800 genomes with a significance of  > 0.6 correlation .  Additionally, we 
preformed alignments of homologous regions in BLAST (NCBI). Multiple alignments were 
preformed with COBALT against known microbial pathogens: Staphylococcus aureus 
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(taxid:1280), Burkholderia cenocepacia (taxid:95486), Pseudomonas aeruginosa (taxid:287), 
Salmonella enterica subsp. enterica serovar Typhi (taxid:90370), Yersinia pestis (taxid:632), 
Enterococcus faecium (taxid:1352), and  Staphylococcus aureus (taxid:1280).   We show that 
both clones are part of superfamilies that include many bacterial pathogens: Figures 23, and 24.  
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Figure 23. Homology regions for clone one: wzc/wcaA . 
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Figure 24. Homology regions for clone two:  wcaJ/cpsB/cpsG/wcaI 
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5.4 Discussion 
  We found that of the clones selected in the SCALEs population many were linked to 
colanic acid biosynthesis. Colanic acid biosynthesis is not a new mode of resistance for bacteria, 
it is conserved amongst many pathogenic bacteria, and considered to be a virulence factor 
(Navasa, Rodríguez-Aparicio et al. 2009). The production of an extracellular layer of 
polysaccharide, termed the capsule, is a common feature of many bacteria. Capsules play a vital 
role in permitting evasion of the host immune specific and nonspecific defenses as well as 
helping in adhesion for colonization of host tissue (Navasa, Rodríguez-Aparicio et al. 2009).  We 
found that those clones containing genes involved in colonic acid biosynthesis were 4-fold more 
resistant to histone. We also showed that genes found in these clones were highly conserved in 
pathogenic bacteria.   This type of resistance is considered to be an intrinsic resistance 
mechanism similar to biofilm formation.   The discovery that histone resistance requires capsular 
synthesis allows for one to infer that the mode of action of histone on bacteria may be through 
direct membrane disruption.    
5.5 Future work 
  Dr. Catherine Chaput will lead the project from this point forward. Her work will 
encompass experiments to determine the extent of membrane disruption by histones.  Secondly, 
the mechanism of resistance by overexpression of these specific colanic acid biosynthesis genes 
has not been studied in-vivo.  Dr. Chaput is in the process of studying this resistance mechanism 
in the mouse model.  More specifically she is working to gain an understanding the mechanisms 
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behind how microbes can turn on colanic acid biosynthesis to evade killing by NETs, and 
histones.  This work will be completed by April 2011.   
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CHAPTER SIX 
6 CONCLUSIONS 
 
The objective of this work was to investigate the mode of action, and mode of resistance 
to both synthetically derived peptides as well as naturally occurring ones. I have found both 
novel resistance mechanisms and uncovered the depth of intrinsic resistance phenotypes that can 
be expressed through a plethora of genotypes.  Most interestingly, I found that Bac8c is an 
unusual peptide.  Unlike many AMPs studied before Bac8c does not cause cellular lysis, and a 
specific target for cellular killing has not been found. Bac8c can be labeled as a dirty drug as it 
effects multiple processes within the cell, and high levels of resistance to it were not found.    
In chapter two, I illustrate the mode of action of the synthetically designed peptide, 
Bac8c, on a time scale.  From the start of peptide addition to cell death, the process in which this 
peptide (or others like it), kill the cell had not been described before in such detail.  Methods 
such as FACs analysis, TEM and analysis of intracellular dinucleotide concentrations allowed us 
to catalog the events up to cell death more accurately then seen before.  More importantly, this 
method allowed us to uncouple membrane depolarization events from membrane permeation.  
The mode of action of AMPs in general has been a long-standing controversial issue whether all 
peptides kill by membrane destabilization.  I show that cells are depolarized, before permeation 
occurs, and that the lethal event precedes permeation. Collectively, our results demonstrate the 
Bac8c mode of action involves cytoplasmic targets, with evidence pointing towards direct or 
indirect disruption of respiratory functions located within the cytoplasmic membrane. 
In Chapter three, four and five, I utilized high-throughput genomics to understand the 
mode of action and resistance of AMPs, both synthetic and natural.  I found that many 
109 
 
phenotypes may give low levels of resistance to peptides that are lured to cells by charge 
(electronegative).  I found that although resistance genotypes were varied from metabolic genes, 
to defense mechanisms, we speculate that a change in electronegativity of the cell (essentially, a 
persistence-like phenotype) is the mode of resistance, rather than any one genotype actively 
interacting with the AMP. This recapitulates the concept that complex phenotypes make up a 
population, and demonstrates the necessity for high-throughput genomic selections to identify 
these phenotypes.  We show in chapters two and three that Bac8c is reliant on actively growing 
cells and targets cells that may have a higher PMF (more electronegative).  In a diverse 
population those cells that are metabolically inactive and demonstrate a lower PMF (persistors) 
may have a selective advantage, and can escape killing by Bac8c.   
I introduced previously two types of resistance mechanisms: acquired and intrinsic.  In 
this selection we were able to identify both types of resistance. These resistance mechanisms 
were either specific to Bac8c or lead to resistance to multiple types of antibiotics (intrinsic).  
Many of the clones we examined had an increase in resistance to Bac8c, but were not more 
resistant/sensitive to other antibiotics.  This is possibly a different method of resistance that 
diverges from intrinsic resistance (persistence), yet also involves metabolic activity.  In this 
scenario each resistance clone functions to maintain metabolic stability throughout the duration 
of Bac8c insult, rather than inhibiting metabolism as in a persistence phenotype.  As peptide drug 
development progresses, this may be a new resistance mechanism to monitor that has not been 
studied in depth in through conventional antibiotics.  
In Chapter five, I preformed a selection in which the only clones that resulted in high 
fitness were ones involved in colanic biosynthesis. Colanic acid biosynthesis is not a new mode 
of resistance for bacteria; it is conserved amongst many pathogenic bacteria, and considered to 
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be a virulence factor.  The identification of this mode of resistance against histones specifically is 
a platform in which will move forward the process of studying this resistance mechanism in-vivo 
in the mouse model.  More specifically we will be able to gain an understanding the mechanisms 
behind how microbes can turn on colanic acid biosynthesis to evade killing by NETs, and 
histones. 
The work described herein is a method developed that could be employed towards newly derived 
synthetic AMPs to understand the basis of their resistance and mode of action.  These methods 
coupled with the methods described by (Hilpert, Volkmer-Engert et al. 2005; Hilpert, Elliott et 
al. 2006; Hilpert, Fjell et al. 2008), that apply powerful protein evolution and engineering 
approaches to the development of novel AMPs would not only develop a range of improved 
AMPs but also to improve understanding of AMP structure-activity relationships.  Additionally 
selections for resistance could be designed using high-throughput methods that involve cell 
sorting and flow cytometry.  In chapter two I was able to define the mechanism of action of the 
AMP based on membrane depolarization verses permeation.  This type of selection would allow 
researchers to sample many new antimicrobials and determine if their main mode of action was 
through pore formation.  Secondly, this approach could be coupled with SCALEs or with other 
high-throughput libraries to sort for bacteria that are resistant to the peptide and metabolically 
active.  This would allow one to differentiate between intrinsic verses acquired resistance.  This 
is because many intrinsic resistance mechanisms are linked to a metabolic slow-down (biofilm 
formation/persistence), this slow down could be distinguished from cells with acquired resistance 
(SCALEs library), and detected by Membrane depolarization (decrease/increase in metabolic 
activity).  Currently, there is a major need to detailed understanding of the mode of action of new 
antimicrobials.  These methods can detect resistance/mode of action of synthetic peptides, and 
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determine quickly if they can be intrinsically easily resisted or maybe our next hope as an 
antimicrobial agent.  There is a clear medical need for both new agents and methods that 
incorporate the array of new technologies.  Methods like high-throughput structure activity 
screens matched with high-throughput genomics maybe our next hope in the development of 
useful antibiotics.   
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